Evolutionary outcomes of natural hybridization in Narcissus (Amaryllidaceae):the case of N. xperezlarae s.l. by Marques, Isabel
UNIVERSIDADE DE LISBOA
FACULDADE DE CIÊNCIAS
   DEPARTAMENTO DE BIOLOGIA VEGETAL




Evolutionary outcomes of natural hybridization 
in Narcissus (Amaryllidaceae):




DEPARTAMENTO DE BIOLOGIA VEGETAL





Prof. Doutor Javier Fuertes Aguilar
Prof. Doutor Gonzalo Nieto Feliner
Prof. Doutora Maria Amélia Martins-Loução
Evolutionary outcomes of natural hybridization 
in Narcissus (Amaryllidaceae):
the case of N. xperezlarae s.l.

Declaração
Na elaboração desta dissertação foi feito o aproveitamento total de resultados de trabalhos já publicados ou submetidos para publicação, que 
constituem alguns capítulos da presente tese. Uma vez que estes trabalhos foram realizados em colaboração, e de acordo com o disposto no 
nº1 do artigo 15º do Regulamento de Doutoramento da Universidade de Lisboa, publicado no Diário da República – II Série Nº 194, de 19-08-
1993 - a candidata declara que interveio na concepção e execução dos trabalhos experimentais, na elaboração e interpretação dos resultados e 
na redacção dos manuscritos.
Lisboa, 15 de Março de 2010
Isabel Cristina dos Santos Lourenço Marques

Lista de publicações
Marques, I., G. N. Feliner, D. Draper, M. A. Martins-Loução, and J. Fuertes Aguilar. 2010. Unraveling cryptic reticulate relationships and the origin 
of orphan hybrid disjunct populations in Narcissus. Evolution. Article Online: Feb 26 2010; DOI: 10.1111/j.1558-5646.2010.00983.x
Marques, I., J. Fuertes Aguilar, M. A. Martins-Loução, and G. N. Feliner. Spatial-temporal patterns of flowering asynchrony and pollinator fidelity 
in autumnal hybridizing species of Narcissus. In Revision in Evolution.
Marques, I., G. N. Feliner, M. A. Martins-Loução, and J. Fuertes Aguilar. Fitness in Narcissus hybrids: low fertility is overcome by early hybrid 
vigor, absence of exogenous selection and high bulb propagation. In Revision in New Phytologist.
Marques, I., J. Fuertes Aguilar, M. A. Martins-Loução, and G. N. Feliner. Genome size and base composition variation in natural and experimental 
hybrids of Narcissus. In preparation to Annals of Botany.
Marques, I., G. N. Feliner, M. A. Martins-Loução, and J. Fuertes Aguilar. Pollinator shifts associated to hybridization events in Narcissus. In 
preparation.
Marques, I., J. Fuertes Aguilar, M. A. Martins-Loução, and G. N. Feliner. Is hybridization a real threat for the conservation of a rare species of 
Narcissus? In preparation.
Marques, I., G. N. Feliner, M. A. Martins-Loução, and J. Fuertes Aguilar. A three-genome five-gene comprehensive phylogeny of Narcissus 
(Amaryllidaceae) reveals extensive hybridization throughout its evolutionary history. In preparation.





Este espaço é dedicado àqueles que deram a sua contribuição para que esta dissertação fosse realizada. Desde o início do 
doutoramento, contei com a confiança e o apoio de inúmeras pessoas e instituições. Sem aqueles contributos, esta investigação 
não teria sido possível.
Agradeço aos meus Directores de Tese, Prof. Dr. Javier Fuertes Aguilar, Prof. Dr. Gonzalo Nieto Feliner e Prof. Dr. Maria Amélia 
Martins-Loução pela forma como orientaram este trabalho. Sempre vou estar agradecida pelas recomendações, pelo tempo 
disponibilizado e principalmente pela confiança que depositaram em mim. Ao longo destes anos sempre obtive, da sua parte, 
uma atitude positiva e novas perspectivas científicas. Estou grata por ambas e também pela liberdade de acção ao longo dos 
trabalhos experimentais.
Este trabalho é resultado da cooperação efectiva entre o Jardim Botânico da Universidade de Lisboa (MNHN) e o Real Jardín 
Botánico, Madrid (CSIC). Agradeço às duas instituições todo o apoio que me foi concedido ao longo deste trabalho. Igualmente, 
quero expressar o meu sincero agradecimento aos seus funcionários e restantes colegas de diversos departamentos: investigação, 
divulgação, biblioteca, herbário, jardim botânico e admnistracção. 
No Jardim Botânico de Lisboa quero agradecer especialmente a Cristina Tauleigne-Gomes e a Domitila Brocas por todo o apoio 
e colaboração durante estes anos. Foi um privilégio poder trabalhar com ambas. Igualmente quero agradecer à Dr. Ireneia 
Melo e ao Sr. Cardoso todo o cuidado dado à colecção viva, a partir da qual realizei vários trabalhos experimentais. Agradeço 
também a toda a equipa de Criptogamia pelo interesse ao longo deste trabalho, assim como à antiga equipa Alqueva, com a 
qual partilhei muitas ideias e que finalmente saem à luz nesta tese. 
Devo um especial agradecimento ao Real Jardín Botánico, porque embora fosse a minha instituição de acolhimento, sempre 
me abriu as suas portas como se fosse uma estudante dessa instituiçao. Agradeço especialmente a vários companheiros do 
RJB pelo seu companheirismo e pelo seu interesse ao longo desta tese: Alejandro González, Andrea Costa, Andrea Sánchez, 
Angelica Bello, Arantxa Martínez, Barbara Ríos, Cajsa Anderson, Elena Amat, Eva García, Jose Luis Blanco, Luis Valente, Maria 
Aguilar, Mario Fernández-Mazueco, Pedro Escobar, Raquel Pino, Ricarda Riina e Rosalía Piñeiro. Da mesma forma agradeço 
as várias discussões científicas e o interesse constante pelo meu trabalho por parte de vários investigadores desta instituição, 
nomeadamente Carlos Lado, Diego Calonge, Inés Álvarez, Isabel Sanmartín e Juan Aldasoro. Sempre foi um privilégio poder 
assistir aos seminários científicos realizados dentro da linha evolutiva de plantas e organizados por Pablo Vargas. Tenho que 
agradecer também o apoio técnico do Laboratório de Sistemática Molecular, Fátima Durán, Emílio Cano e nestes últimos 
meses, Gemma Andreu, Guillermo Sanjuanbenito e Yolanda Ruiz pelo privilégio de poder contar com a sua ajuda e também 
porque as inúmeras horas de laboratório sempre passavam mais rapidamente estando com eles. Esther Montes foi incansável 
comigo nestes ultimos meses de formato de manuscritos.
Várias pessoas e instituições cederam gentilmente algum bolbo quando souberam da tarefa infindável da filogenia de 
Narcissus: Alfonso Susana (Jardín Botánico de Barce-lona), Andreas Tribsch (University of Salzburg), Álvaro Bueno (Jardín 
Botánico Atlántico), Carlos Herrera (Estación Biológica de Doñana. CSIC), Cecília Sérgio (Jardim Botânico-UL), César Garcia 
(Jardim Botânico-UL), Claude Lefèbvre (Université Libre de Bruxelles), Cristina Tauleigne-Gomes (Jardim Botânico-UL), David 
Draper (Banco de Semillas-UPM), Enrique Triano (Flora de la Subbética Cordobesa), Felipe Domínguez (Universidad Autonoma 
de Madrid), Georgia Kamari (University of Patras), Gianluigi Bacchetta (Università degli Studi di Cagliari), Hermínio Nava 
(Universidad de Oviedo), Juan Carlos Moreno (Universidad Autonoma de Madrid), Julia Feise (Flora Cretica), Joan Mota 
(Universidad de Almería), Joan Pedrol (Universitat de Lleida), Joan Pérez (Conselleria de Territori i Habitatge), Jorge Paiva 
(Universidade de Coimbra), Modesto Luceño (Universidad Pablo de Olavide), Magdalena Vincens (Jardí Botànic de Sóller), 
Miguel Lizana (Universidade de Salamanca), Miguel Serrano (Universidade de Santiago de Compostela), Mónica Medrano 
(Estación Biológica de Doñana. CSIC), Núria Membrives (Jardí Botànic Marimurtra), Pedro Escobar (Real Jardín Botanico.CSIC), 
Virginia Valcárcel (Universidad Pablo de Olavide) e Stephen Jury (University of Reading).
Vários investigadores ciêntificos contribuiram para o melhoramento dos artigos desta tese: Alessia Guggisberg, Alejandro 
González, Cristina Tauleigne-Gomes, David Draper, Isabel Sanmartín, João Loureiro, Josep Rosselló, José María Iriondo, Juan 
Aldasoro, Rafael Albaladejo, Ricarda Riina, Rosalía Piñeiro, Marisa Alarcón, Myriam Heuertz, Salvatore Cozzolino e vários 
revisores anónimos. 
Miguel Serrano, Joan Vallès, João Loureiro e Teresa Garnatje contribuiram de forma significativa nas experiências relacionadas 
com o uso de citometria de fluxo, quer a nível experimental, quer na fase final da interpretação de resultados.
David Draper foi um incansável companheiro nos inúmeros quilómetros para cima e para baixo da Península Ibérica e em 
todos os trabalhos relacionados com GIS. Devido aos seus conhecimentos foi possível fazer uma associação entre a utilidade 
dos modelos preditivos e a sua aplicação a temas evolutivos.
Devo um agradecimento especial à equipa de microreservas da Comunidade Valenciana pelo apoio dado aos trabalhos 
referentes realizados nessa região. Muitos desses trabalhos permitiram gerar ideias e conhecimentos que finalmente deram 
origem a esta tese. Em particular quero agradecer a Emilio Laguna, Patricia Pérez, Joan Pérez e Lluis Serra. 
Sempre vou ser grata a Jaume Soler e à sua família Magda, Clara e Joan que sempre me abriram as portas da sua casa nas 
várias saídas de campo a Gata de Gorgos. Passamos muitas horas e muitos serões a divagar sobre mil e uma ideias, uma das 
quais chega hoje ao seu final. Foi, e é, um privilégio contar com a experiência e o conhecimento botânico do Jaume. 
Sou muito grata aos meus pais por todo o apoio recebido ao longo destes anos embora muitas vezes me esqueça de lhes 
dizer. Sempre confiaram em mim e no meu trabalho, sendo uma ajuda essencial à distância. Os amigos e em especial a 
Raquel sempre foram uma fonte de alegria, memória e bem-estar. Ao David, mais depressa escrevia um pedido de desculpas 
generalizado alegando insanidade temporária ao longo dos períodos coincidentes com entregas de trabalhos ou publicações 
do que um agradecimento geral.
  Obrigado a Todos
Este trabalho foi financiado pela Fundação para a Ciência e a Tecnología através da bolsa de doutoramento SFRH/
BD/19053/2004. Outros projectos contribuiram para determinadas experiências: CSIC-Comunidad de Madrid, Spain, (CCG07-
CSIC/AMB-1978), Ministerio de Ciencia e Tecnología de Espanha (CGL2007-66516) e Acção Integrada Luso-Espanhola (E-
13/06 and HP2005-0140).
RESUMO .................................................................................................................      
ABSTRACT ...............................................................................................................      
GENERAL INTRODUCTION  ..................................................................................      
AIMS AND OUTLINE OF THE Ph.D. .....................................................................   
CHAPTER 1. 
Unraveling cryptic reticulate relationships and the origin of orphan hybrid disjunct populations in Narcissus   ......   
CHAPTER 2. 
Genome size and base composition variation in natural  and experimental hybrids of  Narcissus  ....................   
CHAPTER 3. 
Spatial-temporal patterns of flowering asynchrony and pollinator fidelity 
between hybridizing species of Narcissus  ..................................................................................   
CHAPTER 4. 
Fitness in Narcissus hybrids: low fertility is overcome by early hybrid vigor, 
absence of exogenous selection and high bulb propagation   .............................................................   
CHAPTER 5. 
Pollinator shifts associated to hybridization events in Narcissus ..........................................................   
CHAPTER 6. 
Is hybridization a real threat for the conservation of rare species of Narcissus?  ....................................... 
CHAPTER 7: 
A three-genome five-gene comprehensive phylogeny of Narcissus (Amaryllidaceae) 
reveals extensive hybridization throughout its evolutionary history  ................................................ 
















Este trabalho teve, como objectivo geral, determinar o papel de um fenómeno evolutivo importante, a hibridação, geralmente fácil de detectar 
se não tiver tido uma origem demasiado antiga, mas com consequências evolutivas difíceis de inferir. Como grupo modelo foi estudado o género 
Narcissus, um dos grupos mais populares de geófitos no mundo ocidental. Especificamente abordou o caso de N. xperezlarae, híbrido natural 
de floração outonal e cujos progenitores são filogeneticamente distantes e morfologicamente distintos. O objectivo foi caracterizar a sua história 
evolutiva e revelar as suas possíveis consequências evolutivas. Para atingir este objectivos foi desenvolvida uma metodologia multi-disciplinar, 
integrando dados tão diversos como sequências moleculares até ao uso de modelos ecológicos preditivos.
No Capítulo 1 foram utilizadas quatro abordagens distintas: sequências de DNA de cinco regiões moleculares (4 organulares e 1 nuclear), 
estudos citológicos (contagem de cromossomas e tamanho de genoma), experiências de polinização cruzada e ferramentas de nicho ecológico. 
Os dados revelaram que (1) o taxon em estudo consiste não em um, mas sim em dois híbridos, N. xperezlarae s.s. (N. cavanillesii x N. miniatus) 
e N. xalentejanus (N. cavanillesii x N. serotinus); (2) ambos têm origem politópica, ou seja foram gerados várias vezes e de forma independente; 
(3) N. cavanillesii foi o progenitor-mãe na maioria dos eventos de hibridação. Neste capítulo também se estudou a origem de populações 
híbridas isoladas, que ocorrem a Leste da Península Ibérica, separadas centenas de kilómetros do seu progenitor-mãe. Como os dados sugerem 
a presença (num passado) de N. cavanillesii, a sua actual ausência nas populações híbridas parece ser o resultado de um processo de extirpação 
demográfico motivado pelo fenómeno de hibridação.
O Capítulo 2 procurou mostrar que a origem dos híbridos, N. xperezlarae e N. xalentejanus, vem acompanhada de alterações no tamanho do 
genoma e na % de pares de base AT, algo que até ao momento só foi estudado em organismos modelos geralmente poliploides. Para atingir 
este objectivo foi utilizada a citometria de fluxo (PI e DAPI), determinando os valores 2C-DNA e também a sua composição em pares de base 
AT. Os resultados demonstraram que os dois híbridos possuem um tamanho de genoma intermédio ao dos respectivos parentais. No entanto, 
surpreendentemente, o tamanho de genoma obtido para N. xalentejanus foi menor do que previsto e no caso de N. xperezlarae, o tamanho 
de genoma foi maior do que previsto, assumindo que o seu tamanho de genoma deveria ser uma média da contribuição relativa de cada 
progenitor.
Para compreender os factores que limitam a formação de N. xperezlarae e N. xalentejanus, e prever as suas consequências, foram desenvolvidos 
dois estudos paralelos. No Capítulo 3 estudou-se a importância e a eficiência das barreiras pré-zigóticas entre as espécies em estudo. Este estudo 
foi efectuado durante cinco anos e em oito populações, ao longo da Península Ibérica. Os resultados demonstraram que a assincronia floral 
e especialmente a fidelidade dos polinizadores reduzem significativamente as polinizações interspecíficas. A sua importância é tão elevada 
que se obteve uma correlação negativa entre a eficiência destas barreiras e a abundância de híbridos nas populações naturais. A fidelidade 
dos polinizadores foi um resultado inesperado dado que os progenitores são polinizados por insectos generalistas. A sua fidelidade pode ser 
explicada pela abundância de flores abertas dado que a polinização ocorre num período do ano em que os polinizadores são escassos. Os 
padrões de fidelidade são constantes em cada população, rompendo-se apenas em habitas perturbados.
Para determinar o fitness dos híbridos, no Capítulo 4 foram estudados hibridos F1 obtidos através de cruzamentos artificiais entre N. serotinus e 
N. cavanillesii e entre N. miniatus e N. cavanillesii, assim como híbridos adultos naturais de N. xperezlarae e de N. xalentejanus. Os resultados 
demonstraram que a formação de híbridos experimentais F1 é possível e que o seu estabelecimento em condições naturais é possível numa 
grande variedade de condições ecológicas. Estes resultados, em conjunto com o resultado sobre o vigor híbrido levou a concluir que as barreiras 
pós-zigóticas parecem ser nulas ou pouco eficientes, pelo menos nas primeiras fases de vida dos híbridos. Pelo contrário, a sua acção parece 
ter lugar em fases de vida mais tardias uma vez que os híbridos apresentam baixa produção de frutos. No entanto, N. xalentejanus and N. 
xperezlarae produzem mais folhas, mais bolbos e maiores do que os seus progenitores, o que parece compensar a reduzida produção de frutos 
e promover o seu rápido estabelecimento.
Uma vez que a formação dos híbridos depende maioritariamente da actividade dos polinizadores (capítulo 1), a evolução e estabilidade das 
populações híbridas dependem da existência de mecanismos de isolamento entre híbridos e progenitores. No Capítulo 5 esse mecanismo 
foi comprovado ao verificar-se a existência de isolamento etológico. A observação de polinizadores, quer de híbridos naturais quer dos seus 
progenitores, num total de 31 populações e entre períodos de tempo de 2 a 5 anos, demonstraram uma alteração no tipo de polinização efectuada. 
Os híbridos são polinizados por um grupo de polinizadores (formigas), distinto do grupo de insectos que poliniza os seus progenitores. Estes 
resultados foram também confirmados por várias experiências nas quais se expôs as formigas a arranjos florais com progenitores e híbridos. 
Este é o único caso bem documentado em toda a literatura referente ao isolamento etológico dos híbridos.
Uma vez que Narcissus cavanillesii é uma espécie rara, protegida pela Directiva Habitats e Criticamente Ameaçada em Portugal, foi importante 
focar os resultados numa perspectiva de conservação. Este objectivo tornou-se essencial, uma vez que os resultados do Capítulo 1 sugeriam 
que esta espécie tinha desaparecido do Leste da Península. Assim, o Capítulo 6 procurou avaliar se a hibridação é uma ameaça geral para 
a conservação desta espécie. Várias populações simpátricas e alopátricas foram comparadas para determinar o seu sucesso reproductivo, a 
diversidade nucleotídica e o seu comportamento populacional. Os resultados demonstraram que a hibridação natural não representa uma 
ameaça para a sobrevivência das populações simpátricas de Narcissus. As populações isoladas do Leste da Península parecem ser um caso 
único. Inclusivé, nos restantes sítios, a existência de populações simpátricas parece beneficiar  N. cavanillesii, provavelmente porque promovem 
maior atracção de polinizadores e maior êxito de polinização.
O ultimo capítulo desta dissertação, Capítulo 7, não seguiu a linha condutora dos estudos anteriores. Foi aqui usada uma abordagem taxonómica, 
geográfica e evolutiva com o intuito de produzir uma análise filogenética de todo o género Narcissus que pudesse servir de base a trabalhos 
futuros de invetigação. Baseou-se no estudo de diferentes regiões de 3 genomas distintos: ndhF and matK do DNA cloroplastidial, cob and atpA 
do DNA mitocondrial, e ITS do DNA nuclear ribosomal. Esta amostragem incluiu 1762 sequências de organelos de 102 taxa e 1600 sequências 
clonadas da região ITS de 160 indivíduos. Para além do estudo revelar conclusões taxonómicas, como a monofilia de Narcissus e das duas 
linhagens principais correspondentes aos subgéneros Hermione e Narcissus, foram ainda estudados os tipos de incongruência topológica entre 
as filogenias estabelecidas por análise do genoma do núcleo ou dos organelos. A observação de diferentes casos de incongruência profunda, 
média ou ligeira que afectam os indivíduos, espécies e linhagens juntamente com os haplotipos partilhados e dados cariológicos (obtidos de 
69 taxa) permitiu concluir que a evolução reticular influenciou significativamente este género desde a sua origem. 
Palavras chave: Narcissus, hibridação, filogenia, extinção de progenitores, conservação.
ABSTRACT
The present study aims at shedding light on a phenomenon, hybridization, that may be relatively easy to detect if not too ancient, but whose 
evolutionary consequences are difficult to predict. The study system was the genus Narcissus, the most popular spring bulb in the Western 
World, which was here studied under different approaches and levels. Most of the work was focused at a fine-scale level, on an autumnal-
flowering natural hybrid taxon N. xperezlarae whose progenitors are morphologically and phylogenetically far apart. The aim was to unravel 
its evolutionary history and discuss its possible evolutionary fate. To address this, a multidisciplinary approach covering a wide range of aspects 
spanning from sequence data to niche modelling was followed. 
Specifically, in Chapter 1, four approaches were used: DNA sequences from five regions (four organellar, one nuclear), cytological studies 
(chromosome counts and genome size), crossing experiments, and niche modelling and concluded that (1) it actually consists of two different 
hybrid taxa, N. xperezlarae s.s. (N. cavanillesii x N. miniatus) and N. xalentejanus (N. cavanillesii x N. serotinus); (2) both have been formed 
several times independently, that is, polytopically; (3) N. cavanillesii was the mother progenitor in most hybridization events. The origin of 
orphan hybrid populations of N. xperezlarae in eastern Spain, hundreds of kilometres away from N. cavanillesii was also addressed. Based on 
the hints of a former presence of N. cavanillesii in areas of eastern Spain, the most likely explanation for the existence of those orphan hybrid 
populations is extirpation of N. cavanillesii in those areas through demographic processes associated to the hybridization events. 
Because rapid genomic changes that occur in hybrids have been only studied in polyploid model organisms, in Chapter 2 genome size and % 
AT base composition in N. xperezlarae, N. xalentejanus and their progenitors was explored. Flow cytometry (PI, DAPI) measurements were used 
to estimate 2C values and composition (% AT base composition) in 390 samples from 54 wild populations and 20 samples of experimental F1 
hybrids. Natural hybrids presented a range of genome size  values falling between those of the parental species. However,  genome size values 
obtained in N.  xalentejanus were lower than predicted while in N. xperezlarae, they were higher than predicted assuming that genome size 
should be a weighted mean of the relative contributions from parental species. 
To better understand the factors that have allowed the hybrid formation of N. xperezlarae and N. xalentejanus and foresee their evolutionary 
fates, two studies tightly connected were conducted. The role of the two major pre-zygotic barriers between the hybridizing species involved were 
addressed in Chapter 3. Field experiments were performed during five years in eight populations. It was found that flowering asynchrony and 
especially pollinator fidelity significantly reduced interspecific gene flow, so that a strong negative correlation was found between the strength 
of pollinator fidelity and the abundance of hybrid plants in natural populations. Given that the three hybridizing species are pollinated by 
generalist insects, pollinator specificity was not a major expectation, which may be explained by the abundance of open flowers of a single species 
in a season where pollinators are scarce. Whatever the reason, the patterns of pollinator fidelity are consistent for each population, and their 
breakdown seems to happen predominantly in disturbed habitats. 
The fitness components in early experimental hybrid progeny from crosses between Narcissus serotinus and N. cavanillesii, and between 
N. miniatus and N. cavanillesii as well as in natural adult hybrids of N. xperezlarae and N. xalentejanus was estimated in Chapter 4. Based on the 
successful formation of experimental F1 hybrids and their establishment in a wide variety of ecological conditions as well as the lack of reduction 
in the early performance of hybrid progeny, it was concluded that early acting post-zygotic barriers between the hybridizing species are absent 
or very weak. In contrast, late post-zygotic barriers that reduce the fertility of hybrid plants are present as indicated by low fruit set. But the data 
obtained rise the hypothesis that the highest number of leaves in the two natural hybrids, N. xalentejanus and N. xperezlarae and the production 
of larger and more numerous bulblets as compared to their progenitor species, may compensate the reduced fertility levels found in the two 
hybrids and allow their successful establishment at least at initial stages.
Once determined that the formation of natural hybrids was heavily dependent on pollinators activity (chapter 3), the evolutionary fate of these 
hybrids relied on the existence of an isolation mechanism against their progenitors. Chapter 5 discharged such mechanism that turns out to be 
ethological isolation. Observation of pollinators of natural hybrids and their progenitors totalling 31 populations, each one followed between two 
and five years, reveal that a shift in pollinators occurs in hybrid plants (N. xalentejanus and N. xperezlarae) as compared to their progenitors. 
Hybrids were observed to be pollinated by a very different insect group (ants). This result, which represents the only well-documented case of 
ethological isolation in hybrids in the literature, was confirmed by an experimental design in which ants were exposed to artificial mixed arrays 
of hybrids and progenitors as well as by exclusion experiments.  An increase in nectar production in hybrids as compared to progenitors can be 
the clue to explain the pollinator shift detected in this study.
Since Narcissus cavanillesii is a narrow endemic plant protected by both European and Portuguese legislation, and the results in chapter 1 
suggested that it was extirpated from eastern Spanish populations, it was pertinent to focus this problem from a conservation perspective. In 
Chapter 6, the question of whether hybridization is a real threat for the conservation of such species was thus addressed. Reproductive success, 
nucleotide diversity and population trends based on demographical monitoring were assessed in sympatric and allopatric populations. The 
results suggested that natural hybridization does not represent a threat for the survival of hybridizing species of Narcissus except in the orphan 
hybrid populations of eastern Spain. Elsewhere, quite paradoxically, N. cavanillesii seems to benefit from occurring in sympatric populations 
probably due to an increase in pollinators advertisement and pollination success.
The last chapter of this dissertation, Chapter 7, has a completely different scope of the main question of this work. It was focused on the 
taxonomic, geographic and evolutionary scales of Narcissus genus. Here, it has been produced a comprehensive phylogenetic framework for the 
whole genus aimed to serve a basis for future research. It was based on three genomes (ndhF and matK in the plastid DNA, cob and atpA in the 
mitochondrial DNA, and ITS in the nuclear ribosomal DNA). The sampling included 1762 organellar sequences from 102 taxa and 1600 cloned 
sequences of the ITS region from 160 individuals. In addition to taxonomic conclusion including the monophyly of Narcissus and the two main 
lineages corresponding to subgenera Hermione and Narcissus, a categorization of the types of topological incongruence between organellar 
and nuclear phylogenies was attempted. The detection of numerous cases of deep, medium and shallow incongruence affecting individuals, 
species and lineages together with haplotype sharing patterns and karyological data (which was also here obtained from 69 taxa) allowed the 
conclusion that reticulate evolution has significantly influenced the diversity of the genus from its origin.
Palavras chave: Narcissus, hybridization, phylogeny, parental extirpation, conservation.
GENERAL INTRODUCTION                                    5  
   The role of hybridization in evolution has been one of the most 
controversial topics in the whole field of evolutionary study 
Stebbins 1963
Historical overview
 Studying the origin of new species still represents a formidable challenge in evolutionary biology because most 
evolutionary changes occur slowly or sporadically (Harrison 1993) and as consequence, few studies allow us a complete 
information in a real life time scale. Natural hybridization is one of these processes although its evolutionary role has 
been the subject of debate for more than two centuries. Botanists have long believed that hybrid speciation is important 
but until recently, hybridization was not thought to play a very constructive role in animal evolution. Now, new molecular 
evidence supports that hybrid speciation is more common in plants, and also animals, than we thought.
In ‘Systema Naturae’, Linnaeus stated that species have remained unchanged since the dawn of time (Linnaeus 
1760). Even though 50 years earlier Thomas Fairchild had generated the first artificial hybrid between two species 
of Dianthus (Zirkle 1935), Linnaeus supported the general concept of God’s creation, which denied the existence 
of hybrids. Yet, latter he also performed several experiments with hybrids and convinced himself that hybridization 
could promote species modification since ‘the many species of plants in the same genus in the beginning could not 
have been otherwise than one plant, and have arisen from this hybrid generation’ (Linnaeus 1783). Nevertheless, 
in the hybridization experiments developed by Kölreuter in 1761, plant hybrids were considered as sterile 
or ‘botanical mules’ (Roberts 1929). Consequently, for a long time period hybridization was considered as an 
evolutionary dead-end. 
Darwin who in ‘The origin of species’ recognized that in nature species not only evolve but also can divide did not 
escape from that general view on hybrids. Yet, we saw the splitting of species as a direct result of the struggle between 
individuals for a habitat such that little distinction was made between adaptation and speciation (Darwin 1859). Hybrids, 
although reported, were not considered important for the origin of new species since ‘pure species have of course their organs 
of reproduction in a perfect condition, yet when intercrossed they produced either few or no offspring. Hybrids, by other hand, 
have their reproductive organs functionally impotent...’ (Darwin 1859). However, one important definition rose from Darwin 
studies: he was the first to propose that speciation could occur in sympatry, meaning that species could diverge in the same 
habitat. For the most part, evolutionary change was a slow, steady and gradual process (Darwin 1859).
It was not until one century after the first ideas of speciation after evolutionary biologists had rejected mutationism and 
reunited concepts of biogeography, mendelism and natural selection that Dobzhansky in his paper ‘A critique of the species 
concept in biology’ redrew the attention to speciation (Dobzhansky 1935). He argued that physical, geographic isolation 
must be a precursor to speciation. In this view, he explicitly stated the notion that allopatric speciation might separate 
formally continuous species distributions. Moreover, its view that the origin of new species was directly dependent on 
reproductive isolation barriers revolutionised the field. These ideas were developed latter in Dobzhansky’s ‘Genetics and 
the origin of species’ (Dobzhansky 1937), which became a central reference in the studies of Modern Synthesis.
One hundred and eighty years after Linnaeus, Lotsy (1916) again argued that novel lineages could evolve by means 
of hybridization although these ideas were upturned with the Mayr’s concept of species. Mayr in ‘Systematics and the 
origin of species’ (Mayr 1942) made two important contributions that would mislead our perception of hybridization until 
recently. First, he proposed the biological species concept as ‘groups of interbreeding populations that are reproductively 
isolated from all other groups’. Second, he argued that species arise only in populations that are allopatric (Mayr 1942). 
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These definitions, therefore, rejected the existence of hybridizing species, supporting his idea that hybridization 
should not be taken in account because: ‘The majority of (…) hybrids are totally sterile (…) Even those hybrids that 
produce normal gametes in one or both sexes are nevertheless unsuccessful in most cases and do not participate in 
reproduction (…) when they do backcross to the parental species, they normally produce genotypes of inferior viability 
that are eliminated by natural selection’ (Mayr 1963). Following this view, interspecific gene exchange was generally 
neglected since it represented a violation of species boundaries, disrupting the integrity of species. He also argued 
that recombination between distinct co-adapted genomes always gave origin to uniformly unfit genotypes (e.g., Mayr 
1963; Wagner 1970).
The emphasis placed on the genetic integrity of species by Mayr’s concept was followed by most zoologists and 
contrasted sharply with the botanist view of hybridization. Anderson in his monograph ‘Introgressive hybridization’ was 
among the first botanists to promote the view that interspecific gene flow could be a strong evolutionary force leading 
more rapidly to new adaptations and stating that ‘the raw material brought about by introgression must greatly exceed 
the new genes produced directly by mutation’ (Anderson 1949). Indeed, although several plant studies demonstrated 
the influence of natural hybridization and how frequent this process was in plants (Anderson 1948; 1949; Heiser 
1949; Stebbins 1950; 1959; Grant 1963), they were subsequently considered, by others, as a local phenomenon with 
only transient and negligible effects (Wagner 1969; 1970; Heiser 1973). 
During the half past century, Verne Grant performed crucial studies that increased our understanding of plant 
speciation. First, he provided the first credible model for sympatric speciation, based on the fidelity of pollinator 
patterns (Grant 1949). Second, as a by-product of his ongoing genetic, taxonomic and pollinator studies, he provided 
various studies concerning the effects of chromosomal changes on adaptation, the nature of plant species, the role of 
isolating barriers and the importance of hybridization in evolution (Grant 1963). In 1971, Grant published the first 
edition of what was perhaps his most influential book ‘Plant Speciation’ (Grant 1971), and in 1975 he published the 
most important synthesis to date of evolutionary genetics in angiosperms, in a volume entitled ‘Genetics of Flowering 
Plants’ (Grant 1975). 
As a consequence, from the late 1940s through the middle 1960s, much of the morphological and cytological 
variation in plant populations was attributed to introgressive hybridization (e.g., Anderson 1949· Stebbins, 1959). 
Over the next two decades, these interpretations were viewed with greater skepticism (Barber and Jackson 1957; 
Gottlieb1972; Heiser 1973; Doebley 1984), but in the early 1990s, a renewed interest in hybrids arose. With 
the advent of new techniques like DNA sequencing, several studies reported the occurrence of gene exchange 
in a wide variety of plant and animal taxa (e.g., Abbott 1992; Arnold 1992, 1994; Rieseberg & Brunsfeld 1992; 
Rieseberg & Wendel 1993). These studies rejected the view of hybridization as mere evolutionary noise (although 
see Schemske 2000 for an opposite view). Rather, fine-scale studies examining biparentally and uniparentally 
inherited markers allowed the documentation of ongoing events, as well as footprints of past hybridization 
(Rieseberg 1990; Lihová et al. 2004; Albadalejo et al. 2005; Kadereit et al. 2005). The recurrent conclusion 
that hybridization was more frequent than previously thought re-opened the question of its role in speciation. 
Ecological approaches, which were almost completely neglected through the Modern Synthesis, arose as a 
fundamental question in hybrid speciation studies (Wolf et al. 2001; Campbell et al. 1997; Hersch & Roy 2007). 
Consequently, one can hardly open a new issue of journals such as Evolution, Molecular Ecology, Molecular 
Phylogenetics and Evolution or Journal of Evolutionary Biology without finding several papers devoted to the 
evolutionary role of hybridization. Today, armed with new and abundant molecular data, there are plenty of 
examples supporting the importance of hybridization as an evolutionary mechanism in groups in which a few 
years ago it was not even suspected. 
Ecological factors and hybridization
From a methodological perspective, many of the interactions between plant hybrids and their environment in the 
evolutionary play can be described by four major factors: demographic (e.g. gene flow, dispersal, competition), plant/
animal (e.g. pollination, predation), edaphic, and bioclimatic factors. The interaction of such factors is modulated 
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through the influence on the vegetative growth and the reproductive process (asexual and sexual). In particular, in many 
cases they act affecting the strength of reproductive barriers (Grant 1994). The occurrence of new hybrid genotypes 
implies the existence of incomplete reproductive isolating barriers between parental species. These barriers are 
usually divided into two categories based on whether they act before or after fertilization: respectively pre-zygotic and 
post-zygotic barriers. Pre-zygotic barriers include habitat, temporal, mechanical and ethological isolation. Post-zygotic 
barriers included hybrid weakness or inviability, hybrid sterility or breakdown in which first generation (F
1
) hybrids are 
robust and fertile but latter generation hybrids are weak and inviable (Mayr 1942; Grant 1949; Stebbins 1950; Ellis & 
Johnson 1999). In animal-pollinated species, pre-zygotic barriers like flowering asynchrony and pollinator differential 
patterns are considered among the most important barriers to constrain hybridization (Wesselingh & Arnold 2000). 
These barriers are often dependent on bioclimatic factors and specific ecological attributes of plant populations and 
communities (Hersch & Roy 2007). 
The homogeneity in plant pollinator interactions, or rather the lack of it, is one of the difficulties associated 
to hybridization studies when population approaches are carried out. Long-term detailed population studies are 
shedding light on this problem. This is surely the case of the notable 30-year evolutionary study of Darwin’s 
finches achieved by Peter and Rosemary Grant. From 1972 to 2001, they evaluated how climatic events (El Niño 
and La Niña) shaped hybridization and the fitness of the hybrids produced (Grant & Grant 2002). Post-zygotic 
barriers are also critical to determine the fate of hybridizing populations since they can restrict gene flow not only 
between parental species but also between them and the newly formed hybrid lineages (Emms & Arnold 2000; 
Fishman & Willis 2001; Campbell et al. 2005). 
Determining which reproductive barriers constrain interspecific hybridization is a fundamental question in 
evolutionary studies. This problem is conceptually simple but complex in practice because isolation depends not 
on one, but on multiple dependent acting reproductive barriers in a successive process (Lowry et al. 2008). An 
important idea to bear in mind is that the contribution of a certain barrier may fluctuate along the historical process 
of hybridization. Since these barriers may be influenced by external factors, their contribution is also expected to vary 
across populations and years, therefore generating a mosaic of evolutionary outcomes. Such complexity highlights the 
necessity of multi-populational and medium to long term studies. 
Consequences of natural hybridization in plants
A diversity of evolutionary outcomes may result from hybridization, depending, among others, on factors like 
strength and asymmetry of reproductive barriers, hybrid fitness and life-history traits of the hybridizing species 
(Carney et al. 2000). The possible outcomes can be as different as the provenance of their parents. They range 
from the formation of a longstanding hybrid zone (Barton & Hewitt 1989; Campbell et al. 1997; Tauleigne Gomes 
& Lefèbvre 2008), the creation of introgressive races (Anderson 1949) or compilospecies (Stebbins 1971; Harlan 
& de Wett 1963), or the colonization of new niches and territories (Abbot et al. 2005) with extreme cases of 
invasiveness (Vilà & D’Antonio 1998).
A useful -although somewhat simplistic- perspective classifies the outcomes into those qualified as 
positive, which result in a increase of biological diversity and those hybridization events that produce negative 
consequences for biodiversity. Hybridization may be beneficial especially because it can lead to an increase 
of genetic diversity (Wendt et al. 2002), to the origin of new genetic adaptations (Rieseberg et al. 2003) or 
the reinforcement of reproductive barriers (Silvertown 2004). Nevertheless, the major possible evolutionary 
contribution of hybridization is the formation of new hybrid species (Arnold 1997; Rieseberg 1997). Hybrid 
speciation can be associated with changes in the ploidy level (polyploid speciation: Rieseberg et al. 1995; 
Arnold 1997; Buerkle et al. 2000) but it can also occur without changes in chromosome number (homoploid 
speciation: Rieseberg et al. 1990; Rieseberg 1991; Sang et al. 1995). Homoploid hybrid speciation is considered 
rare as compared to polyploid speciation for two reasons. First, homoploid species have strongly reduced fitness 
in early generation hybrids due to fertility problems related with irregular meiosis. Second, genome duplication 
assures the genetic integrity of newly derived polyploids whereas isolation between homoploid hybrids and their 
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parents is not straightforward. Nevertheless, in plants, there are about 20 well-established homoploid hybrid 
species (Rieseberg 1997), but they are hard to detect and may be more prevalent. The best-documented cases 
are the species of sunflowers Helianthus anomalus, H. deserticola and H. paradoxus, all derived hybrids between 
H. annuus and H. petiolaris (Rieseberg 1997). Several examples of animal homoploid hybrid speciation have 
recently been described (see Mallet 2007). Of them, perhaps the most striking are Heliconius butterflies, where 
the hybrid species possesses a novel colour pattern that has caused hybrid individuals to be reproductively 
isolated from both parental species (Jiggins et al. 2008).
In contrast to its possible creative role, hybridization can also lead to extinction (Levin et al. 1996; Rhymer 
& Simberloff 1996; Wolf et al. 2001). This process may occur through reproductive interference (Levin et al. 
1996) or through assimilation of one species into the other so that the less abundant species is essentially 
replaced by the more abundant one (here called ‘genetic assimilation or swamping’; Ellstrand & Elam 1993; 
Levin et al. 1996). Genetic swamping can also take place when one or both hybridizing parental species are 
replaced by their hybrids (Rhymer & Simberloff 1996). Unless hybrids rapidly establish reproductive barriers 
against the parental species, they may become a bridge to gene flow, leading in extremes cases to their extinction 
(Ellstrand & Elam 1993; Levin et al. 1996; Haygood et al. 2003). Even low-fertility hybrids can pose a threat to 
the persistence of parental species (Levin et al. 1996; Wolf et al. 2001). Hybrid seeds are produced at the cost 
of conspecific seed formation, which can decrease the growth rate of parental populations (Eriksson & Ehrlen 
1992). If hybrids establish faster and spread more easily than parental species, they can compete with them for 
resources, affecting parental population dynamics (Kimball & Campbell 2009). The process of extinction may 
occur over a period as short as few generations (Carney et al. 2000) or it may take thousands of years (Goodfriend 
& Gould 1996).
The finding that hybridization occurs frequently in plants does not necessarily mean that it has been 
evolutionarily important. Thus, predicting the evolutionary consequences of hybridization is a crucial task from 
both an evolutionary and a biodiversity conservation perspective. Studies employing molecular data have been 
effective in identifying historical and ongoing hybridization, although they have generally failed to show that 
the hybridization was adaptive or that it was the cause of diversification. For instance, once discarded hybrid 
genotypes that are intrinsically maladapted (Haldane 1922; Tao & Hartl 2003), the fate of the remaining ones 
depends critically on their fitness. Several studies report hybrids as successful as parental species or even 
more (e.g., Burke et al. 1998) although the superiority of hybrids is sometimes confined to new ecological 
niches (Rieseberg 1997) and in most cases it relies on traits that outperform those in the progenitors due to 
transgressive segregation (Rieseberg et al. 2003). An additional difficulty is that introgressed traits and genes 
that are strongly favored by selection will soon undergo fixation, and therefore become difficult to detect (Barton 
2001). However, a recent study of native and introduced species of Senecio characterised the introgression of 
an ecologically important trait — ray floret petals — as well as identified the introgressed cluster of regulatory 
genes responsible for the formation of ray florets (Kim et al. 2008)
Reticulate evolution in Narcissus 
Hybridization is not uniformly distributed in plants, but it appears to be better represented in a fraction of 
families and genera (Ellstrand et al. 1996). Narcissus (Amaryllidaceae) is an example of a plant family where 
hybrids are frequently reported (Fernandes 1966; 1968a; 1975; Fernandez Casas 1984; Donnison-Morgan et 
al. 2005; Marques et al. 2005; Ribeiro et al. 2007). The genus is endemic to the Mediterranean area, having its 
center of diversity in the Iberian Peninsula and North Africa (Fernandes 1951; Dobson et al. 1997; Arroyo & 
Barrett 2000). There is evidence of a natural propensity for the formation of natural hybrids when species co-
exist, even between distantly related and morphologically different taxa (Fernandes 1937, 1939; Romero et al. 
1983. Blanchard 1990; Fernández Casado et al. 1997). Nevertheless, most studies reporting hybridization rely 
on morphological observations despite the fact that this genus is well known for its phenotypic variability within 
and between species (e.g., Fernandes 1968a). 
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Taxonomic treatments and species circumscriptions 
vary widely and thus there is little agreement on the 
number of species within the genus. Estimates range 
from 16 to 150 species (reviewed in Blanchard 1990) 
with most authors accepting 35-70 species, distributed 
among 2 subgenera and 10 sections (Fernandes 
1968a; Barrett et al. 1996). Despite several attempts 
to classify Narcissus, our taxonomic basis and most of 
our knowledge concerning species relationships and 
the evolution of this genus still relies on the pioneering 
research, mostly based on chromosome studies, 
accomplished by Prof. Abílio Fernandes during the 
second half of the last century (e.g., Fernandes 1931; 
1934; 1942; 1943; 1951; 1967; 1968a; 1975). His 
ideas on this topic and his subgeneric classification 
are still used nowadays although no comprehensive 
phylogenetic study has been undertaken so far to 
clarify relationships among species. Nevertheless, 
some sections have been thoroughly explored as a 
model for the evolution of stylar polymorphism using 
an incomplete phylogenetic framework (Arroyo & 
Barrett 2000; Pérez-Barrales et al. 2003, Graham & 
Barrett 2004; Hodgins & Barrett 2007; Rønsted et al. 
2008). These studies not only improved our knowledge 
on the evolution of several groups of species but also 
gave us crucial information about pollinator activity, 
floral diversification and breeding systems (Medrano 
et al. 2005; Pérez-Barrales et al. 2006; Hodgins & 
Barrett 2008a, 2008b, 2008c; Pérez-Barrales et al. 
2009; Larrinaga et al. 2009). A series of studies have also deepen our knowledge on how genetic parameters are 
associated to reproductive systems and spatial structure of populations (Barrett et al 2004; Medrano & Herrera 
2008). Pollinators of Narcissus are mainly referred as generalist insects like bees (Herrera 1995; Barrett et al. 
1997), hawkmoths (Baker et al. 2000; Worley et al. 2000; Arroyo et al. 2002), diurnal moths and pierid butterflies 
(Pérez-Barrales et al. 2003). However, it has been recorded that different populations of the same species have 
different floral visitors, as in N. tazetta where lowland marsh populations are mainly pollinated by a hawkmoth 
and hill populations are visited by a syrphid and some solitary bees (Arroyo & Dafni 1995). 
Narcissus is one of the most important groups of plants used in horticulture with more than 20000 registered 
cultivars representing over a century of breeding efforts (Barrett et al. 1996, Kington 2008). Yet, floral biology 
and breeding systems of the majority of species are insufficiently known (but see Pérez-Barrales et al. 2006) in 
spite of the fact that most species possess showy flowers, some of which are highly scented (Dobson et al. 1997; 
Fig. 1). Narcissus species have white (e.g., N. papyraceus), pale yellow (e.g., N. triandrus) or deep yellow flowers 
(e.g., N. fernandesii), except the deep green N. viridiflorus, which is pollinated by crepuscular moths (Vogel & 
Müller Doblies 1975). While almost all daffodils flower in late winter or spring there are five species that flower 
in autumn: N. broussonetti, N. cavanillesii, N. elegans, N. serotinus and N. viridiflorus. 
 Despite being one of the most important groups of plants in the western Mediterranean with a high number 
of endemic plants, a high number of protected species and as source of commercial plants, to date no study has 
evaluated the role of hybridization as a motor of the evolution in Narcissus. 
Fig. 1. Variation in Narcissus flowers: different colors, corona size, 
tepal shape and odour (not seen): A. Narcissus cyclamineus B. Narcissus 
viridiflorus C. Narcissus triandrus D. Narcissus payraceus E. Narcissus 
jonquilla F. Narcissus graellsii G. Narcissus hispanicus H. Narcissus 
pseudonarcissus.
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The case study of Narcissus xperezlarae
Narcissus ×perezlarae was first found in 1882, in southern Spain (Jerez de la Frontera) and described by Pérez Lara 
as a new species, with the name of Carregnoa dubia (Pérez Lara 1882). Only two specimens were collected, one of 
which was sent to Willkomm who endorsed Perez Lara’s taxonomic identification. Later, Willkomm (1883-1884) re-
described the plant and made its first illustration. He suspected that the plant could be a hybrid between N. cavanillesii 
and N. serotinus but finally he rejected this hypothesis based on the articulated scape, “the most surprising character 
of this plant that does not exist in any other european Amarilídea”. Almost one century after, based on herbarium 
material of the above specimens, Font Quer (1927) reviewed its floral morphology and other intermediate characters. 
With the information obtained and supported by the distribution of the taxon and the parental species, he proposed the 
hybrid status for the plant as Narcissus ×perezlarae (N. cavanillesii × N. serotinus; Font Quer 1927; Fig. 2). 
Half a century later, in October 1979, Valdés & Müller-Doblies discovered new localities in southern Spain 
(Valdés & Müller-Doblies 1984). Some morphological studies were done on N. ×perezlarae and the parental 
species confirming the intermediate characters of the hybrid (Valdés & Müller-Doblies 1984). The chromosome 
number 2n = 29 was reported for N. ×perezlarae, therefore sustaining its origin as a natural hybrid between 
N. cavanillesii, 2n = 28 and N. serotinus, 2n = 30 (Valdés & Müller-Doblies 1984). Subsequent reports were 
published of new localities in southern Spain and southern Portugal where the hybrid was found, always in the 
presence of both parental species (Gálan de Mera 1994; Roales 1999, Marques et al. 2005). At this point, the 
origin of N. ×perezlarae seemed to be settled provided that the hybrid was morphologically intermediate to the 
putative parental species (Fig. 2) and occurred in the sympatric populations of N. cavanillesii and N. serotinus.
Several reasons have motivated a re-assessment of this interesting hybridization study case. First, and most 
important was the discovery of large isolated populations of N. ×perezlarae in eastern Spain (Soler 1998), which 
casted doubt on the evolutionary history of this taxon (Fig. 3) because both putative parental species are currently 
absent in such hybrid populations. Specifically, there is a scarce presence of N. serotinus in populations nearby, 
but the fact that N. cavanillesii is not present in any of these populations, and that there is no record of its 
existence in this well studied region (Serra, 2007), raises the question of the origin of N. ×perezlarae in this area. 
Long distance dispersal is quite infrequent or absent in this genus, and the nearest populations of N. cavanillesii 
are too far (~ 450 Km) to allow recurrent gene flow. 
Second, the publication of a recent morphological and cytogenetic study of N. serotinus, which has split 
this species into two separate taxa. Populations in the western part of the Iberian Peninsula and North of 
Morocco retained the species name while the eastern Iberian populations were segregated in a new taxon, 
N. miniatus (Donnison-Morgan et al. 2005; = N. obsoletus; Díaz Lifante & Camacho, 2007). Based on this 
division, the populations of N. ×perezlarae s.l. thought to have originated from N. serotinus were recently given a 
different name, N. ×alentejanus (Fernandez-Casas 2008) despite the fact that morphologically they are similar to 
Fig. 2. Narcissus xperezlarae s.l. (B) and its putative progenitor species: Narcissus serotinus s.l. (A) and Narcissus cavanillesii (C).
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N. ×perezlarae. This new taxonomic nomenclature not only did not solve the question of the origin of N. ×perezlarae 
but added a new one: Are the morphologically similar N. ×alentejanus and N. ×perezlarae two different hybrids 
or a single hybrid with a polytopic origin?
Third, the dissimilar frequency of the hybrid (or hybrids) and the different situation of the hybridizing populations 
(from parental sympatric populations without hybrids, through parental sympatric populations with small patches of 
hybrid plants, to large hybrid ‘orphan populations’) suggest different effects of pre- and post-zygotic isolating barriers 
across its range. If the presence of the N. ×perezlarae s.l. is not a universal result whenever the two progenitors co-
exist, there should be some reproductive barriers preventing hybridization, which are only overcome in some particular 
situations. So, the question is which barriers constrain the formation hybrids and reduce their viability? 
Fourth, as pointed out before, one the most important caveats in evolutionary studies is the amount of data that one 
can gather to answer a complex evolutionary question. Despite the huge amount of hybrids reported, N. ×perezlarae 
s.l. and its respective putative parental species were the only hybridizing group that had been previously studied, 
so that we could have some starting information. For instance, most cytological information was already known 
(Fernandes & Fernandes 1945; Fernandes 1968b; Valdés & Müller-Doblies 1984). Our previous reproductive 
biology studies on the Portuguese populations of N. cavanillesii and N. serotinus confirmed compatibility between 
these two species and settled the first information of how these species could occur in sympatry avoiding hybridization 
(Marques et al. 2007). Further, previous studies gathered for the local Spanish authority of environment, allowed 
gathering information concerning the Eastern ‘orphan populations’ of N. ×perezlarae s.l. Some autoecological studies 
demonstrated that the hybrid could produce fertile seeds and have a high bulb propagation (Marques et al. 2002; 
Marques and Draper 2004). These populations presented the highest number of individuals known, in a total area 
of 24.21 ha, representing 87% of the global distribution of N. ×perezlarae (Marques et al. 2002).
Finally, one should also ask if hybridization may represent a threat to the survival of parental species or has rather, 
some beneficial consequences. This concern is even more important when a rare or threatened species is involved 
as a parent as is the case of N. cavanillesii. This is a narrow endemic occurring in the Southwest part of the Iberian 
Peninsula and N Africa, listed under Annexes II and IV of the Habitats Directive of the European Union (EEC 92/43). 
In Portugal, it is considered a “Critically Endangered” species according to IUCN categories due to its small area of 
occupancy, small population size and fragmentation (Rosselló-Graell et al. 2003). In the Iberian Peninsula, N. serotinus 
is distributed in the Southwest while N. miniatus occurs in Southeast areas (Marques et al. 2005). If N. ×perezlarae 
origin is confirmed to be true, the current absence of its putative mother, N. cavanillesii, in the East part of the Iberian 
Peninsula would need an explanation, a possible one being genetic swamping or assimilation by N. ×perezlarae.
Fig. 3. Distribution area of 
Narcissus xperezlarae s.l. 
(yellow dots) and its putative 
parents, N. cavanillesii (red 
shadow), N. serotinus (grey 
shadow) and N. miniatus 
(pink area). Narcissus elegans 
(blue dots) was also included 
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Aims and outline of the Ph.D. dissertation
The main aim of this work is to analyze the role of hybridization in the evolution of Narcissus 
(Amaryllidaceae), a plant genus almost endemic to the western Mediterranean. More specifically, this 
study aims to unravel the evolutionary history of Narcissus xperezlarae s.l, to explore the outcomes of 
hybridizing populations and the fate of the parental species. Within this context, it is necessary to develop 
integrative studies that combine data from molecular, ecological, reproductive biology and demographical 
studies in order to answer evolutionary questions.
To achieve these aims a series of studies with different approaches was performed. The results are grouped 
into the seven chapters of this dissertation.
Chapter One aims to disentangle the origin of Narcissus xperezlarae s.l. by answering the following questions 
(1) Are N. ×alentejanus and N. ×perezlarae two different hybrids or a single one with a polytopic origin? (2) 
Which are the species involved in their origin? (3) What are the causes for the existence of the orphan hybrid 
populations of N. ×perezlarae? To answer these questions, phylogenetic and phylogeographic data were used 
together with chromosome analysis, flow cytometry data, crossing experiments and ecological predictive model 
tools. This article has been accepted in Evolution.
Chapter Two is devoted to understand how hybridization leads to changes in genome size in the study 
species by answering the following questions (1) What is the magnitude of genome size in parental hybridizing 
populations? (2) Do the two hybrids (N. ×alentejanus and N. ×perezlarae) have the same genome size? (3) Is it 
intermediate to that of the parental species? (4) Do different hybrid generations have distinct genome size values 
indicating genomic changes during the hybridization process? To answer these questions genome size and its 
AT-compositon was measured using an extensive population sampling. In addition, artificial F
1
 hybrids of known 
pedigree were also used to understand the timing in genome size changes. This article is under preparation to 
be sent to Annals of Botany.
Chapter Three determines the role of pre-zygotic reproductive barriers in preventing hybridization in 
co-occurring species of Narcissus by answering the following questions (1) What are the patterns of flowering 
phenology and pollinator activity, the two most important pre-zygotic barriers? (2) What is the strength and 
asymmetry of these factors across populations and years? (3) Can the abundance of hybrid plants be correlated 
with low isolation barriers? Pre-zygotic barriers were monitored during five years, in eight sympatric natural 
populations, to determine if the chosen isolating barriers can indeed limit hybridization in natural populations 
of Narcissus. This article is currently under evaluation in Evolution.
Chapter Four evaluates fitness in hybrids between Narcissus cavanillesii and N. serotinus and between 
N. cavanillesii and N. miniatus answering the following questions (1) Are F
1
 hybrids uniformly less fit than parental 
species? (2) Does the fitness of F
1
 hybrids depend on the direction of the cross thereby suggesting the role of 
endogenous factors? (3) Do hybrid genotypes have different fitness under distinct environmental conditions revealing 
the influence of exogenous selection? (4) Do F
1
 synthetic hybrids and natural hybrids exhibit a similar fitness? To 
answer these questions, several fitness traits (sexual and asexual) were estimated under controlled conditions, in 
their natural sites and in transplanted sites. This article is currently under evaluation in New Phytologist.
Chapter Five determines the role of pollinators in the origin of hybrid N. ×perezlarae s.l. answering the 
following questions (1) Are hybrid plants pollinated by different pollinators than those visiting the parental 
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species? (2) Do the ‘orphan hybrid populations’ exhibit the same pollination patterns than the rest of populations? 
(3) Are differences in pollinator patterns related to the evolution of different floral traits? (4) What is the strength 
of pollinator’s preferences? To answer these questions, pollinator observations were made in natural flowering 
patches across a wide geographic area along five years. These experiments were complemented with artificial 
flowering patches to detect pollinator preference and with exclusion experiments to determine whether insects 
behave as true pollinators. This article is under preparation to be sent to publication.
Chapter Six is focused on the understanding of the potential threats posed by hybridization to the survival of 
N. cavanillesii, N. serotinus and N. miniatus answering the following questions (1) Do plants of sympatric populations 
have lower reproductive fitness than those existing in allopatric populations? (2) Are population parameters affected 
by co-occurrence with a related species? (3) Is genetic diversity lower in sympatric than in allopatric populations? 
To answer these questions, we analyzed fitness, genetic diversity and population demographic factors in several 
sympatric populations of N. cavanillesii × N. serotinus and N. cavanillesii × N. miniatus and compared them with 
allopatric populations. This article is under preparation to be sent to publication.
Chapter Seven is designed to detect how extensive is hybridization in the genus Narcissus and how this process 
is reflected onto topological incongruence of phylogenetic trees. In this paper, the first molecular phylogenetic 
framework for the all genus was constructed, using both nuclear (879 bp) and organellar markers (3285 bp). An 
extensive sampling (1762 individuals belonging to 102 taxa from Narcissus) covering all the sections described, 
the range of morphological variation and the whole geographic distribution was complemented with the inclusion 
of chromosome information. Using these analyses, we determine what type of hybridization event originated N. 
×perezlarae in comparison to other hybrid lineages that can be found in the genus Narcissus. This article is in 
preparation to be sent to publication.
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N. xalentejanus  5 36 31 0.764 0.01137 2 2 2 0.545 0.00522 5 38 33 0.764 0.000547 4 112 108 0.582 0.03683 
N. xperezlarae 4 32 31 0.745 0.00956 2 2 2 0.545 0.00522 4 34 33 0.745 0.000537 8 115 110 0.923 0.05259 
N. serotinus 2 16 11 0.259 0.00194 2 1 1 0.133 0.00662 2 17 12 0.259 0.00080 7 42 40 0.682 0.00832 
N. miniatus  2 11 11 0.301 0.01255 2 1 1 0.290 0.01057 2 12 12 0.370 0.00095 23 215 215 0.968 0.07925 





Table 1. Comparative information for orgDNA (cpDNA and mtDNA) and nrDNA surveyed. H: number of haplotypes (cp: cytotypes; mt: mitotypes; 
org: organellar types); R: number of rybotypes; Nvar: number of variable sites; Npar: number of parsimony informative sites; Hd: Haplotype diversity 
(for each region); π: nucleotide diversity. 



































Figure 1. Statistical parsimony haplotype network based on combined sequences from two mitochondrial regions (atpA and cob) and two plastid 
regions (ndhF and matK). Small empty circles represent single mutational steps. Circle size is proportional to haplotype frequency. N = 1435 organe-
llar sequences. Groups A, B and C correspond to major lineages recognised by the phylogenetic tree obtained by Bayesian inference.





































































































































































































































































































































































































































































































































































































































Figure 2. 50% majority-rule rooted consensus tree of the ITS cloned sequences obtained by Bayesian Inference. Due to the high ITS variability, 18 
groups of ribotypes (plus the outgroup N. papyraceus) were defined along the tree (R1-R19). The number of different sequences for each group, 
when higher than one, is indicated between parentheses. Ψ indicates suspected pseudogenes and ‘rec’ refers to sequences identified as recombinants. 
Distribution of the different groups of ribotypes across taxa, expressed as percentage, is depicted in the histogram. N = 1590 cloned sequences.
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N. serotinus 2n= 10 
(0.52 ± 0.51)
N. miniatus 2n= 30 
(0.56 ± 0.51)
N. cavanillesii 2n= 28 
(0.46 ± 0.50)
N. xperezlarae 2n= 29
sympatric 
(0.09 ± 0.06)
N. xalentejanus 2n= 19
sympatric 
(0.09 ± 0.08)























































































































Figure 3. Reproductive isolation between the putative progenitors and the 
hybrids Narcissus ×perezlarae and N. ×alentejanus based on fruit set fol-
lowing experimental crosses. Arrows point to the maternal progenitors in the 
crossing experiments. Thickness is proportional to cross compatibility. Num-
bers between parentheses indicate fruit set of intraspecific crosses. Mean ± 
SD. N = 50 per crossing treatment; H = 34.869, d.f. = 35, P = 0.0001.








Blue: N. cavanillesii; Red: N. xalentejanus
Blue: N. cavanillesii; Red: N. xalentejanus
Blue: N. serotinus; Red: N. xalentejanus
Blue: N. miniatus; Red: N. xperezlarae
Blue: N. miniatus; Red: N. xperezlarae
Figure 4. Predictive ecological models based on the Maxent algorithm of: N. cavanillesii (AUC: 0.882), N. serotinus (AUC: 0.971), N. miniatus 
(AUC: 0.871), N. ×alentejanus (AUC: 0.898) and N. ×perezlarae (AUC: 0.892). The different maps assess similarity of niche models between one 
parental species and its hybrid using interpredictivity measures (see text). Predominance of one color indicates niche differentiation (blue scale versus 
red scale) while dark color indicates overlapping of niche models.
 Orphan hybrid populations in Narcissus                      31                                 
1
Figure 5. Similarity of ecological niche between the five taxa represented as proportion of currently known populations (rows) versus the predicted 
niche model (columns). 
subgen. Hermionesubgen. Narcissus
N. x alentejanus N. x perezlarae







2n=19 N. perezlarae s.l.
N. papyraceus
2n=22
Figure 6. Scheme of the reticulate phylogenetic relationships among 
the studied species based on DNA sequences from two mitochondrial 
regions (atpA and cob), two chloroplast regions (ndhF and matK) and 
nrITS obtained in this study.
N. cavanillesii N. xalentejanus N. xperezlarae  N. serotinus N. miniatus 
N. cavanillesii 100 62.8 80.3 90.5 97.8 
N. xalentejanus 100 100 90.9 100 100
N. xperezlarae 96.4 57.1 100 92.9 96.4 
N. serotinus 91.7 82.7 82.3 100 95.7 
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Label POP Species Locality, voucher information 2n Norg NITS H R GenBank acccessions
  ndhF matK cob atpA ITS
C.PTA S N. cavanillesii Portugal. Ponte da Ajuda. Marques1155 & 
Draper * +
28 15 2 (20) 1 1, 7 (1, 2) Forthcoming
S.PTA S   N. serotinus Portugal. Ponte de Ajuda. Marques1156 & 
Draper * +
10 15 2 (20) 12 7 (2)
AL.PTA S N. xalentejanus Portugal. Ponte de Ajuda. Marques1157 
* +
19 15 2 (20) 1, 6 1 (1)
C.MJT S N. cavanillesii Portugal. Montes Juntos. Marques1150 28 15 2 (20) 1, 2 1 (1)
S.MJT S N. serotinus Portugal. Montes Juntos. Marques1151 10 15 2 (20) 12 7 (2)
AL.MJT S N. xalentejanus Portugal. Montes Juntos. Marques1152 19 15 2 (20) 2, 6, 
7, 8
1 (1)
C.FTA S N. cavanillesii Spain. Fuentes de Andalucía.Marques1162 
& Draper +
28 15 2 (20) 1, 2 1 (1)
S.FTA S N. serotinus Spain. Fuentes de Andalucía. 
Marques1163 & Draper +
10 15 2 (20) 12 7 (6)
AL.FTA S N. xalentejanus Spain. Fuentes de Andalucía. 
Marques2030 & Draper +
19 15 2 (20) 1, 6 1 (1, 6, 15)
C.UPO S N. cavanillesii Spain.Universidad Pablo de Olavide. 
Valcárcel & Irles44VV03bis
 - 10 2 (20) 1 1 (1)
S.UPO S N. serotinus Spain.Universidad Pablo de Olavide. 
Modesto Luceño s.n.
10 8 2 (20) 12 7 (28)
AL.UPO S N. xalentejanus Spain.Universidad Pablo de Olavide. 
Modesto Luceño s.n.
 - 6 2 (20) 1 1 (21)
C.ESP S N. cavanillesii Spain. Sierra de Esparteros. Marques1164 
& Draper
28 15 2 (20) 1 1, 7 (1, 5)
S.ESP S N. serotinus Spain. Sierra de Esparteros. Marques1165 
& Draper
10 15 2 (20) 12 7 (5)
C.AZN S N. cavanillesii Spain. Aználcazar. Marques1158 & 
Draper
28 15 2 (20) 2 1, 10 (1, 3)
M.AZN S N. miniatus Spain. Aználcazar. Marques1159 & 
Draper
30 15 2 (20) 13, 14 7, 10 (3, 24)
C.CAM S N. cavanillesii Spain. La Campana. Marques1162 & 
Draper
28 15 2 (20) 1 1, 10 (1, 3)
M.CAM S N. miniatus Spain. La Campana. Marques1163 & 
Draper
30 15 2 (20) 13 7, 10 (2, 3, 25)
C.DHE S N. cavanillesii Spain. Dos Hermanas.Marques1131 & 
Draper
28 15 2 (20) 2 1, 7 (1, 4)
M.DHE S N. miniatus Spain. Dos Hermanas.Marques1130 & 
Draper
30 6 1 (10) 13 7 (4, 25)
S.DHE S N. serotinus Spain. Dos Hermanas.Marques1100 & 
Draper
10 9 1 (10) 12 7 (4, 25)
C.MDS S N. cavanillesii Spain. Medina Sidonia. Marques1161 & 
Draper +
28 15 2 (20) 1, 2 1, 11 (1, 7)
M.MDS S N. miniatus Spain. Medina Sidonia. Marques1170 & 
Draper +
30 15 2 (20) 13 11 (7)
PL.MDS S N. xperezlarae Spain. Medina Sidonia. Marques1172 & 
Draper * +
29 15 2 (20) 1, 10 1 (17)
C.PDR S N. cavanillesii Spain. Puebla del Rio. Marques1143 & 
Draper
28 15 2 (20) 1 1, 10 (1, 8)
S.PDR S N. serotinus Spain. Puebla del Rio. Marques1141 & 
Draper
10 5 2 (20) 12 7, 10 (7, 8, 24)
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  ndhF matK cob atpA ITS
M.PDR S N. miniatus Spain. Puebla del Rio. Marques1009 & 
Draper
30 10 2 (20) 13 7, 10 (7, 8, 24)
PL.PDR S N. xperezlarae Spain. Puebla del Rio. Marques1142 & 
Draper
29 15 2 (20) 1, 10 18 (21, 22)
PL.DEN S N. xperezlarae Spain. Dénia. Marques1128 & Draper 29 15 2 (20) 1, 9, 
10
1, 7 (12, 13, 
14)
M.DEN S N. miniatus Spain. Dénia. Marques1129 & Draper 30 15 2 (20) 13 7 (6, 25)
E.ARM S N. elegans Morocco. Armada. Marques1207 & 
Draper
20 15 2 (20) 13 1, 12 (1, 29)
C.ARM S N. cavanillesii Morocco. Armada. Marques1206 & 
Draper
28 15 1 (10) 1 1 (1)
E.TNG S N. elegans Morocco. Tanger. Marques1189 & Draper 20 15 2 (20) 13 1, 2 (1, 9)
C.TNG S N. cavanillesii Morocco. Tanger. Marques1190 & Draper 28 15 2 (20) 1, 4 1, 2 (1, 9)
E.TMR S N. elegans Morocco. Temara. Marques1198 & Draper 20 15 1 (10) 19 2 (51)
C.TMR S N. cavanillesii Morocco. Temara. Marques1197 & Draper 28 15 2 (20) 1 1, 2 (1, 9)
E.SKA S N. elegans Morocco. Souk Khémis des Anjra. 
Marques1205 & Draper
20 15 2 (20) 13, 18 1, 16 (1, 11)
C.SKA S N. cavanillesii Morocco. Souk Khémis des Anjra. 
Marques1204 & Draper
28 15 2 (20) 1 1, 16 (1, 11)
E.SYM S N. elegans Morocco. Sidi-el-Yamani. Marques1187 & 
Draper
20 15 2 (20) 13 3 (52)
C.SYM A N. cavanillesii Morocco. Sidi-el-Yamani. Marques1188 & 
Draper
28 15 1 (10) 1 1 (1)
PL.GTG A N. xperezlarae Spain. Gata de Gorgos. Marques1136 & 
Draper
29 15 2 (20) 1, 11 1 (16)
PL.OLI A N. xperezlarae Spain. Oliva. Marques1174 & Draper * + 29 15 2 (20) 1, 11 1 (17, 18)
PL.PED A N. xperezlarae Spain. Pedreguer. Marques2204 29 15 2 (20) 1, 10 1, 6 (19, 20)
C.ALG A N. cavanillesii Spain. Algodonales. Marques1125 & 
Draper
28 15 1 (10) 1 1 (1)
C.FAC A N. cavanillesii Spain. Facinas. Marques1166 & Draper 28 15 2 (20) 1 1 (1)
C.LBR A N. cavanillesii Spain. Los Barrios. Valcárcel & 
Caballero08ECG03
 - 10 1 (10) 1 1 (1)
C.MAT A N. cavanillesii Spain. Matachel. Marques1168 & Draper 28 15 2 (20) 2 1 (1)
C.OLV A N. cavanillesii Spain. Olivenza. Marques1221 28 15  - 1  -
C.POS A N. cavanillesii Spain. Posadas. Marques1144 & Draper 28 15 1 (10) 1 1 (1)
C.VIL A N. cavanillesii Spain. Villamartin. Marques1147 & Draper 28 15 1 (10) 1, 2 1 (1)
C.VNR A N. cavanillesii Spain. Villanueva del Rosario. 
Marques1177 & Draper
28 15 2 (20) 2 1 (1)
C.VDC A N. cavanillesii Spain. Valverde del Camino. 
Valcárcel44VV03
 - 10 1 (10) 1 1 (1)
C.AGA A N. cavanillesii Morocco. Agadir. Marques2205 28 15 1 (10) 3 1 (1)
C.OML A N. cavanillesii Morocco. Oued el Malah, Tetouan. 
Marques1191 & Draper
28 15 1 (10) 1 1 (1)
C.TFR A N. cavanillesii Morocco. Taforalt. Marques1186 & Draper 28 15 2 (20) 5 5 (10)
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  ndhF matK cob atpA ITS
C.ONR A N. cavanillesii Morocco. Ounara. Marques2214 & Draper 28 15 1 (10) 1 1 (1)
S.ALV A N. serotinus Portugal. Alvor. Marques1148 & Draper 10 15 2 (20) 12 7 (2)
S.GRJ A N. serotinus Portugal. Granja. Marques1018 & Rosselló-
Graell
10 15 1 (10) 12 7 (2)
S.MNG A N. serotinus Portugal. Moinho do Gato. Draper1017 10 15 1 (10) 12 7 (2)
S.MTF A N. serotinus Portugal. Monte Fidalgo. Marques1041 & 
Draper
10 15 1 (10) 12 7 (2)
S.PSM A N. serotinus Portugal. Póvoa de São Miguel. 
Marques2002 & Draper
10 15 1 (10) 12 7 (2)
S.RMZ A N. serotinus Portugal. Reguengos de Monsaraz. 
Draper975
10 15 1 (10) 12 7 (2)
S.SMC A N. serotinus Portugal. São Marcos do Campo. 
Marques996
10 15 1 (10) 12 7 (2)
S.VID A N. serotinus Portugal. Vidigueira. Marques1013 10 15 2 (20) 12 7 (2)
S.DBN A N. serotinus Spain. Don Benito. P. Escobar s.n. 10 15 2 (20) 12 7 (2)
S.GIB A N. serotinus Spain. Gibraleon. Marques1135 & Draper 10 15 2 (20) 12 7 (24)
S.ORL A N. serotinus Spain. Orellana. P. Escobar s.n. 10 15 1 (10) 12 7 (28)
S.CAS A N. serotinus Morocco. Casablanca. Marques2067 10 15 1 (10) 12 7 (39)
S.ODA A N. serotinus Morocco. Ondagha. Marques2215 & 
Draper
10 15 2 (20) 12 7 (40)
S.ESA A N. serotinus Morocco. Essaouira. Marques2218 & 
Draper
10 15 1 (10) 12 7 (41)
S.SAF A N. serotinus Morocco. Cap Safi. Marques2219 & 
Draper
10 15 1 (10) 12 7 (39)
S.JFL A N. serotinus Morocco. Port Jorf-Lasfar. Marques2220 
& Draper
10 15 1 (10) 12 7 (39)
S.EJD A N. serotinus Morocco. El Jadida. Marques2221 & 
Draper
10 15 2 (20) 12 7 (39)
S.CBZ A N. serotinus Morocco. Cap Bezouka. Marques3000 & 
Draper
10 15 2 (20) 12 7 (39)
S.MLT A N. serotinus Malta. Iriq it-Batterija. Marques2207 10 15 1 (10) 12 7 (44)
S.CRT A N. serotinus Greece. Crete. J. Feise s.n. 10 15 2 (20) 15 7 (42)
S.GR1 A N. serotinus Greece. Ionian Islands, Katastari. G. Kamari 
s.n.
 - 8 1 (10) 15 7 (43)
M.AZH A N. miniatus Spain. Al-Zahara. Marques1126 & Draper 30 15 1 (10) 13 7 (23)
M.LLI A N. miniatus Spain. La Linea de la Concepción. 
Marques1138 & Draper
30 15 2 (20) 13 7, 11 (5, 7, 26)
M.LBL A N. miniatus Spain. Los Belones. Marques1167 & 
Draper
30 15 2 (20) 13 7, 11 (5, 7, 26)
M.LLO A N. miniatus Spain. Llobregat. Marques1139 & Draper 30 15 2 (20) 13 7, 11 (5, 7, 27)
M.SIM A N. miniatus Spain. Simat. Marques1145 & Draper 30 15 1 (10) 13 9 (30)
M.SJV A N. miniatus Spain. San Jose del Valle. Marques1175 
& Draper
30 15 2 (20) 13 9 (31)
M.TOR A N. miniatus Spain. Torreblanca. Marques1176,  
Pérez Rovira & Draper
30 15 2 (20) 13 9 (32)
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M.TUR A N. miniatus Spain. Turre. Marques1146 & Draper 30 15 1 (10) 13 7 (23)
M.FOR A N. miniatus Spain. Minorca. Fornells. Marques1132 & 
Draper +
30 15 2 (20) 13 1, 7 (28, 34)
M.XOR A N. miniatus Spain. Majorca. Cost Xorrigo. M. Vincens 
s.n.
30 15 2 (20) 13 7 (35, 36)
M.GRN A N. miniatus Spain. Gzanadella. Marques956 & Draper 30 15  - 13  -
M.XAV A N. miniatus Spain. Xábia. Marques1178 &  
Draper * +
30 15 1 (10) 13 7 (28, 33)
M.SIC A N. miniatus Italy. Sicily. G. Bacchetta s.n.  - 10 2 (20) 13 4, 7 (36, 37)
M.SAR A N. miniatus Italy. Sardegna. G. Bacchetta s.n.  - 10 2 (20) 13 7 (38)
M.GR2 A N. miniatus Greece. Ionian Islands. Davgata.  
G. Kamari s.n.
 - 8 1 (10) 13 7 (43)
E.MAI A N. elegans Spain. Majorca. Cost Xorrigo. M.  
Vincens s.n. +
20 15 2 (20) 16, 17 4, 7 (25, 36)
E.VNC A N. elegans Spain. Villanueva del Cauche. 
Marques2213 & Draper +
20 15 2 (20) 19 3 (52)
E.KSK A N. elegans Morocco. Ksar-el-Kebir. Marques1200 & 
Draper
20 15 1 (10) 13 14 (45)
E.LAR A N. elegans Morocco. Larache. S.L.Jury15284 20 15 2 (20) 13 13 (47)
E.LLM A N. elegans Morocco. Lalla Minouna. Marques1201 
& Draper
20 15 1 (10) 13 15 (48)
E.MRT A N. elegans Morocco. Cap Martil. Marques1193 & 
Draper +
20 15 1 (10) 13 15 (48)
E.MLI A N. elegans Morocco. Moulay-Idriss. Marques1196 & 
Draper +
20 15 2 (20) 13 15 (48)
E.TAZ A N. elegans Morocco. Taza. Marques1195 & Draper 20 15 1 (10) 13 14 (46)
E.SAR A N. elegans Italy. Sardegna. S.L. Jury10252 20 15 1 (10) 13 17 (48, 49)
E.SIC A N. elegans Italy. Sicily. JB Lisboa s.n  - 5 1 (10) 19 8 (50)
PAP.QRT A N. papyraceus Portugal. Ribeira de Quarteira. 
Marques1061 & Draper
22 15 1 (10) 20 53
* Populations used for the crossing experiments.
+ Populations used for the estimation of nuclear 
genome size. 
2n: number of chromosomes. 
Norg: number of individuals per population used for 
sequencing each organellar region. 
NITS: number of individuals per population used for 
sequencing ITS; number between parentheses indicated 
the clones sequenced. 
H: Haplotype number. 
R: Group of ribotype; the number of sequences within 
each group is indicated between parentheses.   
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1 Table S2. PCR cycle conditions for each primer combination. 
Primer Sequence No. cycles, annealing temperatures and elongation times 
ndhF 1318: 5’-GGATTAAC(CT)GCATTTTATATGTTTCG-3’
95 ºC for 5 min, 37 cycles, 51 ºC for 1 min, 72 ºC for 7 min 
2110: 5’ -CCCCCTA(CT)ATATTTGATACCTTCTCC- 3’
matK F: 5’ -TCCCATCCATATGGAAATCTTGGT- 3’
95 ºC for 5 min, 34 cycles, 50 ºC for 1 min, 72 ºC for 2 min
CR: 5’-TCCTGTACGGTTGAGACCAAAAGT- 3’
cob P1: 5’- AGCATTTGATAGATTATCCAACC- 3’
95 ºC for 5 min, 30 cycles, 50 ºC for 30 sec, 72 ºC at 10 min
P6: 5’ -ATTCCTCTTCCAACTCGTCC- 3’
atpA F1: 5’- AAGTGGATGAGATCGGTCGAG -3’
95 ºC for 5 min, 35 cycles, 57 ºC for 30 sec, 72 ºC at 7 min
B1: 5’- GGCATTCGATCACAGA -3’
ITS AB101: 5’ –ACGAATTCATGGTCCGGTGAAGTGTTCG -3’
95 ºC for 5 min, 38 cycles, 52 ºC for 30 sec, 72 ºC at 10 min
AB102: 5’- TAGAATTCCCCGGTTCGCTCGCCGTTAC -3’
Table S3. Results of the recombinant analyses performed with RDP package. Putative recombination ITS sequences were found in only three 
ribotype groups, as expressed in figure 2. Values represent significant values obtained from at least two different tests implemented in the RDP 
package.
Ribotype groups MaxChi Chimaera Siscan
R7a 4.600 x 10-6 2.408 x 10-7 9.078 x 10-9
R7b 4.792 x 10-6 2.621 x 10-7 7.934 x 10-7
R9 3.461 x 10-4 2.456 x 10-6  
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Figure S1. Distribution maps of Narcissus serotinus, N. ×alentejanus, N. elegans, N. cavanillesii, N.
×perezlarae and N. miniatus based on revised herbarium specimens, in addition to the localities 





































































































   T A C T C A T A C A A A C A G G T G C T A A T A C A G C C T A C C A G T G T T G A T C C T T T T A G T A G T T A A T C
H2   . . . . . . . . . . . . . . . . . . T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
H3   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C . . . .
H4   . . . . . . . . . . G . . G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
H5   . . . . . . . . . G . . . . . . . T . . . . . . . . . . . . . . . . . . . C . . . . . . . . . . . . . . . . . . . . . 
H6   . . A G . C . C T G . C . . . T . A . . . C . . T G . A A C . A A . T G . C C . C G T T G C G C T A . . . . . T C . . 
H7   . . A G . . . . . . . . . . . . . . . C . . . . . . . . . . . . . . . . . . . . . G T T G C G C T A . . . . . T C . . 
H8   . . A G . . . . . . . . . . . . C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
H9   . . A G . . G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
H10  . . A G . C . C T G . C . . . T . A . . . C . . T G . . . C . A A T T . A C C A C G T T G C G C T A . . . . . T C . . 
H11  . . A G . C . C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . G T T G C G C T A . . . . . T C . . 
H12  C . A G . C . C T G . C . . . T . A . . . C . . T G . A A C . A A . T G . C C . C G T T G C G C T A . . . . . T C G A 
H13  C C A G . C . C T G . C . . . T . A . . . C . . T G . . . C . A A T T . A C C A C G T . G . G C T A . T . C . . C G A 
H14  C C A G . C . C T G . C . . . T . A . . . C . . T G . . . C . A A T T . A C C A C G T T G C G C T A . . . . . T C G A 
H15  C . A G . C . C T G . C . . . T . A . . . C . . T G . . . C . A A . T . A C C A C G T T G C G C T A . . . . . T C G A 
H16  . C A G A C . C T G C . T . A T . A . . T C . . T G . . . C . A A . T G A C C A C G T . G . G C T A . T . C . . C G A 
H17  C C A G A C . C T G C . T . A T . A . . T C . . T G . . . C . A A . T G A C C . C G T . G . G C T A . T . C . . C G A 
H18  C C A G . C . . . . . . . . . . . . . . . . . G . . . . . . . . . . . . . . . . . G T . G . G C T A . T . C . . C G A 
H19  . C A G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . G T . G . G C T A . T . C . . C G A 

























































































































Figure S2. Nucleotide variation in organellar regions. Boxes indicate haplotypes exclusive to Narcissus 
×alentejanus and N. ×perezlarae.



















































































































































   -































Figure S3. 50% majority-rule 
consensus tree (BI) depicting 
the phylogenetic relationships 
among haplotypes of 
Narcissus. Populations are 
labelled as in Table S1. 
Numbers between parentheses 
indicate the number of 
individuals having the same 
redundant sequence. 
Haplotypes and main groups 
are labelled as in indicated in 
the TCS network. Posterior 
probabilities are indicated 




CHAPTER 2  •   Genome size in Narcissus hybrids                                                      47  
2
48                                                         CHAPTER 2               













Genome size in Narcissus hybrids                             49                 
2 
50                                                         CHAPTER 2               
2
Species PI (pg) DAPI (pg)
2n N Min Max Mean SD Variation 
Min
Max Mean SD Variation
N. cavanillesii 28 96 28.14 36.78 31.53 1.34 1.30 11.88 15.33 13.16 1.04 1.29
N. serotinus 10 91 19.03 22.05 20.46 0.85 1.93   6.81 20.56 17.53 2.79 3.01
N. miniatus 30 117 35.26 63.16 53.10 4.24 1.04 19.37 46.30 35.11 4.96 2.38
N. elegans 20 34 29.74 30.94 30.65 0.23 1.23 19.37 30.33 27.87 3.22 1.56
N. xalentejanus 19 39 19.31 33.15 25.56 4.60 1.90 10.15 20.56 15.66 3.27 2.02
N. xperezlarae 29 40 30.85 54.89 43.19 5.22 1.19 15.17 33.73 28.10 5.23 2.22






























































































Natural hybrids PI DAPI
χ2/ t df P χ2/ t df P
N. xalentejanus 36.026 21 0.220 38.897 13    0.0001***
N. xperezlarae 27.200 20 0.130 38.200 16 0.001**
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PI DAPI
Synthetic hybrids d.f. t P d.f. t P
CS and SC vs. CM and MC 19 11.230     0.0001*** 19 18.082       0.0001***
CS vs. SC  9 13.077 0.012**  9 11.928 0.847















































































Figure 4. Variation of genome size across natural populations of N. xalentejanus (xALE) and N. xperezlarae (xPER). 
Above: values of genome size obtained with PI. Below: values of genome size obtained with DAPI. Values are expressed in pg. 
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Longitude Latitude N 2n PI (pg) DAPI (pg)
N. cavanillesii AJU -7.1633 38.7749 8 28 32.19 ± 0.97 21.79 ± 1.90
MJT -7.31897 38.5159 4 28 33.77 ± 2.44 21.88 ± 1.78
FTA -5.37064 37.4936 8 28 32.13 ± 1.27 21.02 ± 1.44
UPO -6.47799 37.2928 4 28 32.17 ± 0.10 21.78 ± 1.71
CAM -5.2986 37.3964 6 28 30.52 ± 0.99 20.67 ± 1.28
PDR -6.11273 37.2404 7 28 31.87 ± 0.43 22.01 ± 1.92
MDS -6.02645 36.4349 8 28 31.69 ± 0.74 21.17 ± 1.63
AZN -6.19861 37.2234 6 28 30.78 ± 1.22 22.12 ± 1.83
DHE -5.98745 37.2421 6 28 30.70 ± 1.13 20.75 ± 1.58
MAT -5.96122 38.4363 8 28 30.90 ± 1.21 23.24 ± 0.80
VIL -5.68604 36.8484 8 28 30.99 ± 1.22 23.34 ± 0.81
TNG -5.76099 35.7738 4 28 30.98 ± 2.08 23.28 ± 0.50
TMR -6.98789 33.9042 5 28 31.60 ± 0.88 23.55 ± 0.33
OML -5.29396 35.6452 6 28 31.69 ± 1.13 24.27 ± 1.21
N. serotinus AJU -7.1633 38.7749 7 10 20.52 ± 0.46 29.44 ± 3.92
MJT -7.31897 38.5159 6 10 19.52 ± 0.69 31.03 ± 3.78
FTA -5.37064 37.4936 8 10 19.57 ± 0.76 37.43 ± 12.46
UPO -6.47799 37.2928 4 10 20.34 ± 0.87 30.54 ± 4.69
DBN -6.04384 38.8611 4 10 20.88 ± 0.49 22.98 ± 0.55
ESP -5.48069 37.0952 7 10 19.77 ± 0.94 30.23 ± 10.46
DHE -5.98745 37.2421 7 10 21.06 ± 0.29 32.86 ± 13.29
PSM -7.33041 38.2705 8 10 21.30 ± 0.49 30.78 ± 4.48
MTF -7.28576 38.7131 5 10 19.72 ± 0.96 31.61 ± 4.56
VID -7.55147 38.1662 7 10 20.63 ± 0.57 30.68 ± 4.70
GRJ -7.25175 38.3135 5 10 20.92 ± 0.49 33.25 ± 0.39
GIB -6.91884 37.4064 5 10 21.06 ± 0.46 33.21 ± 0.38
SAF -9.23861 32.324591 5 10 19.96 ± 0.88 32.93 ± 0.50
ESA -9.70584 31.324591 8 10 20.88 ± 0.52 33.18 ± 0.25
ODA -9.76251 31.459625 8 10 20.96 ± 0.57 32.98 ± 0.38
N. miniatus AZH -4.90573 37.8897 7 30 56.18 ± 3.44 59.27 ± 1.34
SJV -5.70111 36.6487 8 30 48.24 ± 8.59 59.96 ± 0.93
LLI -5.36293 36.1849 4 30 56.40 ± 2.09 60.73 ± 0.87
LLO 2.05591 41.2869 8 30 52.11 ± 6.88 59.66 ± 0.67
TUR -1.91345 37.1444 6 30 52.82 ± 2.21 60.10 ± 0.95
LBL -0.81965 37.5969 5 30 50.18 ± 2.64 60.15 ± 1.06
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TOR 0.244166 40.2076 8 30 54.83 ± 2.97 61.09 ± 1.18
XAV 0.232567 38.7383 8 30 52.92 ± 3.28 63.16 ± 5.30
DEN 0.114099 38.8177 7 30 52.65 ± 2.23 59.09 ± 6.46
CAM -5.2986 37.3964 6 30 52.82 ± 2.03 57.66 ± 5.25
AZN -6.19861 37.2234 7 30 56.10 ± 1.87 63.48 ± 5.68
PDR -6.11273 37.2404 8 30 52.62 ± 1.74 64.20 ± 3.90
MDS -6.02645 36.4349 8 30 52.98 ± 2.83 61.43 ± 8.60
DHE -5.98745 37.2421 7 30 52.23 ± 2.03 60.18 ± 5.35
FOR 4.12817 40.0571 7 30 52.61 ± 2.50 48.64 ± 14.97
XOR 2.90402 39.5752 7 30 54.24 ± 2.53 42.28 ± 15.98
N. elegans LLM -7.1633 38.7749 5 20 30.78 ± 0.13 59.76 ± 6.59
TNG -7.31897 38.5159 7 20 30.59 ± 0.41 56.54 ± 11.99
KSK -5.37064 37.4936 5 20 30.62 ± 0.18 55.38 ± 14.05
MRT -6.47799 37.2928 7 20 30.68 ± 0.30 51.74 ± 9.59
VNC -6.04384 38.8611 8 20 30.65 ± 0.12 60.27 ± 5.90
MAI -5.48069 37.0952 5 20 30.66 ± 0.08 57.05 ± 6.97
N. xalentejanus AJU -5.99993 34.906 8 19 22.92 ± 3.68 26.57 ± 3.54
MJT -5.90752 35.7265 8 19 27.18 ± 4.35 26.14 ± 5.08
FTA -5.51216 35.0865 8 19 26.23 ± 4.65 23.58 ± 4.75
UPO -5.30295 35.6027 4 19 29.84 ± 3.83 26.57 ± 3.54
N. xperezlarae MDS -4.39722 36.9055 8 29 46.14 ± 4.91 48.83 ± 7.17
GTG 3.24328 39.3791 8 29 39.61 ± 4.60 50.83 ± 9.17
DEN -7.1633 38.7749 8 29 42.32 ± 5.05 44.52 ± 10.10
OLI -7.31897 38.5159 8 29 44.68 ± 4.49 46.07 ± 8.26
Artificial N. cavanillesii 
x N. serotinus F1
- - 5 29.32 ± 3.42 32.62 ± 2.26
Artificial N. serotinus 
x N. cavanillesii F1
- - 5 24.98 ± 4.14 30.32 ± 4.49
Artificial N. cavanillesii 
x N. miniatus F1
- - 5 38.23 ± 5.71 68.20 ± 5.60
Artificial N. miniatus 
x N. cavanillesii F1
- - 5 48.96 ± 4.31 67.39 ± 5.62
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Spatial-temporal patterns of flowering asynchrony 
and pollinator fidelity in autumnal hybridizing 
species of Narcissus 
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CAV SER MIN HYB POP Locality Long Lat Disturbed 
 
Number of observation 
days per year 
 
Number of observation  
hours per year 
√ √  √ AJU Portugal. Ponte da Ajuda. -7.1633 38.7749 √ 10/ 9/ 9/ 9/ 8 80/ 72/ 72/ 72/ 64 
√ √   ESP Spain. Sierra de Esparteros. -5.4807 37.0952  9/ 7/ 7/ 9/ 6 72/ 56/ 56/ 72/ 48 
√ √  √ FTA Spain. Fuentes de Andalucía. -5.3706 37.4936 √ 9/ 8/ 8/ 9/ 9 72/ 64/ 64/ 72/ 72 
√  √  AZN Spain. Aználcazar. -6.1986 37.2234  11/ 9/ 9/ 9/ 11 80/ 80/ 80/ 72/ 80 
√  √  CAM Spain. La Campana. -5.2986 37.3964  10/ 10/ 10/ 10/ 9 80/ 80/ 80/ 80/ 72 
√  √ √ MDS Spain. Medina Sidonia. -6.0265 36.4349 √ 9/ 7/ 10/ 7/ 10 72/ 56/ 80/ 56/ 80 
√ √ √  DHE Spain. Dos Hermanas. -5.9875 37.2421  9/ 8/ 8/ 9/ 9 72/ 64/ 64/ 72/ 72 
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Source Type III SS df MS F P
N. cavanillesii and N. serotinus
    Population          2.156 4             0.539       31.451    0.0001***
    Year          2.15E-02 4             5.38E-03         0.345    0.043*
    Population x Year        15.514 1           15.514     882.015    0.0001***
    Error          0.284 16             1.78E-02
    Total       19.105 25
N. cavanillesii and N. miniatus
    Population          3.152 4             0.788       44.514    0.0001***
    Year          1.01E-02 4             2.25E-02         0.147    0.046*
    Population x Year        12.910 1           12.913     546.903    0.0001***
    Error          0.315 16             1.97E-02
    Total        16.387 25  
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AJU FTA ESP CAM MDS AZN DHE PDR
Insect species cav ser cav ser cav ser cav min cav min cav min cav ser min cav ser min
HYmEnoPTEra
    Andrena fulva
        
  4.3   3.2
    Anthopora sp.  3.4       8.3       3.1
    Apis mellifera  0.7   2.3   15.0    7.8   1.8   2.1     2.7   4.3
    Bombus terrestris      2.8       2.2   1.2
    Ceratina cucurbina  1.9       2.9       0.5
    Halictus sp. 81.3  87.3  31.1  43.0   48.5 83.5     2.3
    Lassioglossum sp.  1.4    45.0   4.3   1.9     3.4 76.1   5.4
    Megachile sp. 11.0 9.7   2.1 3.4 27.7   9.1  11.4 37.0 14.5     8.8   4.3   2.5
    Polistes gallicus     0.2   12.0      
    Xylocopa violacea         2.4            
DiPTEra








  3.2   2.9   4.1
    Episyrphus balteatus  1.4          
    Eristalis tenax    2.3  29.2  14.0  16.0 15.0 11.1     1.4   8.4   1.4
    Eristalis pratorum  22.3  5.8        
    Stomorhina lunata       3.2   14.3    3.4        
LEPiDoPTEra













    Autographa gamma   20.5      30.3  22.7
    Colias croceus  3.3    19.2   11.4   3.1
    Erynnis tages    41.1   39.3    
    Gonepterix cleopatra  2.2 23.4    2.9    1.1   4.1  23.4 15.6 21.6 15.8
    Iphiclides feisthamelii  1.1    3.3    0.8    
    Lampides boeticus      4.1      
    Lycaena phlaeas   2.5    0.6      2.5   7.8   5.4   7.8
    Macroglossum stellatarum     8.8    3.4    3.9     2.3   4.5   3.1   4.5
    Opisthographis luteolata   3.3        4.7    6.1
    Pieris rapae  3.1  11.4 23.3   17.2    
    Polyommatus icarus    20.1 37.8  33.2 19.1    
    Pontia daplidice     12.1  12.1    
    Utetheisa pulchella       1.5    7.8    12.4   1.4 13.4
    Vanessa cardui    43.7    6.1   8.9     8.9     8.4  33.9 21.6  35.4 21.6
coLEoPTEra
    Meligethes anneus
 53.4
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Source Type III SS df MS F P
N. cavanillesii and N. serotinus
    Population       3.23E-02 2      1.61E-02 312.59 0.245
    Year       1.31E-03 4      3.28E-04 123.81   0.046*
    Population x Year 11.530 1      1.15E+01 671.34 0.732
    Error       1.21E-03 8     1.51E-04
    Total 11.529 15    
N. cavanillesii and N. miniatus
    Population       3.92E-02 1     3.92E-02 214.81 0.467
    Year       3.20E-03 4     8.00E-04     1.25 0.891
    Population x Year   5.098 1 5.098 309.73 0.888
    Error       1.50E-04 4     3.75E-05
    Total   5.140 10  
Isolation  barrier POP N. cavanillesii x N. serotinus POP N. cavanillesii x N. miniatus
Phenology aJU 0.36 ± 0.12 0.44 ± 0.56 aZn 0.81 ± 0.08 0.89 ± 0.07
ESP 0.71 ± 0.10 0.85 ± 0.09 cam 0.17 ± 0.04 0.30 ± 0.08
FTa 0.33 ± 0.06 0.42 ± 0.03 mDS 0.15 ± 0.02 0.31 ± 0.08
DHE 0.78 ± 0.04 0.82 ± 0.06 DHE 0.55 ± 0.19 0.61 ± 0.18
PDr 0.15 ± 0.03 0.26 ± 0.09 PDr 0.08 ± 0.02 0.26 ± 0.08
Pollinator aJU 0.59 ± 0.03 0.64 ± 0.06 aZn 1.00 ± 0.00 1.00 ± 0.00
ESP 1.00 ± 0.00 1.00 ± 0.00 cam 1.00 ± 0.00 1.00 ± 0.00
FTa 0.63 ± 0.04 0.68 ± 0.06 mDS 0.51 ± 0.07 0.56 ± 0.06
DHE 1.00 ± 0.00 1.00 ± 0.00 DHE 1.00 ± 0.00 1.00 ± 0.00
PDr 0.46 ± 0.06 0.51 ± 0.05 PDr 0.44 ± 0.06 0.48 ± 0.08
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IV Fitness in Narcissus hybrids: low fertility is 
overcome by early hybrid vigor, absence 
of exogenous selection and high bulb 
propagation  
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Table 1. Fitness variation among seven types of crosses grown at different conditions. Comparisons were performed with one-way ANOVA.  Significant 
differences are indicated in bold. * P < 0.05, **P  < 0.01, ***P  < 0.001. N = 100 plants for each species and population. 
Fitness trait Source of variation df MS F P
% survival Parental species 2      1.867      0.366      0.701
Hybrids vs parental species 1      0.002      0.001      0.980
Hybrids 3      0.983      0.281      0.838
Field sites vs greenhouse 1      0.057      0.017      0.897
Field sites 7      1.003      1.750      0.207
Years 4    51.484  139.440      0.0001***
Number of leaves Parental species 2      4.433      5.491      0.010**
Hybrids vs parental species 1    19.505    20.167      0.0001***
Hybrids 3      6.025    17.199      0.0001***
Field sites vs greenhouse 1      0.057      0.039      0.845
Field sites 7      0.010      0.455      0.890
Years 4      0.407      0.267      0.898
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Table 2. Results of the comparison of means concerning fruit set and the number of leaves produced. Significant values are indicated in bold. * P < 0.05, 
**P < 0.01, ***P < 0.001. N = 100 plants for each species and population.
Reproductive fitness Source of variation MS F P
Fruit set Parental species      0.085      0.389     0.608
Hybrids vs parental species      2.220    12.910     0.0001***
     N. xalentejanus vs. N. cavanillesii and N. serotinus      1.247      7.120     0.002**
     N. xperezlarae vs. N. cavanillesii and N. miniatus      1.125      5.925     0.005**
Across populations 
     N. cavanillesii      0.005      0.023     0.999
     N. serotinus      0.012      0.056     0.945
     N. miniatus      0.001      0.002     0.998
     N. xalentejanus            -        -
     N. xperezlarae      0.042      0.320     0.043*
Across years    
     N. cavanillesii      0.001      0.012     0.989
     N. serotinus      0.011      0.026     0.978
     N. miniatus      0.010      0.023     0.799
     N. xalentejanus      0.001      0.011     0.910
     N. xperezlarae      0.003      0.011     0.935
Number of leaves Parental species      4.433      5.491     0.010*
Hybrids vs parental species    19.505    20.167     0.0001***
     N. xalentejanus vs. N. cavanillesii and N. serotinus      6.433    12.407     0.0001***
     N. xperezlarae vs. N. cavanillesii and N. miniatus    16.133    23.674     0.0001***
Across populations 
     N. cavanillesii      0.201      0.523     0.981
     N. serotinus      0.012      0.056     0.956
     N. miniatus      0.015      0.045     0.871
     N. xalentejanus          -        -
     N. xperezlarae      0.001      0.320     0.983
Across years  
     N. cavanillesii      0.012      0.050     0.986
     N. serotinus      0.010      0.005     0.967
     N. miniatus      0.001      0.003     0.931
     N. xalentejanus      0.010      0.031     0.890
     N. xperezlarae      0.022      0.041     0.903
Artificial vs. natural hybrids 
     N. xalentejanus vs. CS and SC      0.773      5.172     0.009**
     N. xperezlarae vs. CM and MC      0.625      4.047     0.023*
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Table 3. Results of the comparison of means concerning asexual reproduction (clonal) measurements. Significant values are indicated in bold. * P 
< 0.05, **P  < 0.01, ***P < 0.001. N = 100 plants for each species and population.
Reproductive fitness Source of variation MS F P
Production of bulblets Parental species      6.466   13.211    0.002**
Hybrids vs parental species      7.263   18.675    0.0001***
     N. xalentejanus vs. N. cavanillesii and N. serotinus    10.646   24.333    0.0001***
     N. xperezlarae vs. N. cavanillesii and N. miniatus    16.428   39.269    0.0001***
Across populations 
     N. cavanillesii      1.300     2.350   0.981
     N. serotinus      2.054     4.300   0.887
     N. miniatus       2.300    5.100    0.779
     N. xalentejanus        -       -
     N. xperezlarae       2.100    5.800    0.893
Across years
     N. cavanillesii       0.002    1.000    0.998
     N. serotinus       0.001    1.200    0.982
     N. miniatus       0.001    1.220    0.901
     N. xalentejanus       0.011    1.290    0.972
     N. xperezlarae       0.015    1.235    0.946
Bulb size Parental species     52.794  11.018    0.004**
Hybrids vs parental species     78.643  16.636    0.0001***
     N. xalentejanus vs. N. cavanillesii and N. serotinus   121.419  36.485    0.0001***
     N. xperezlarae vs. N. cavanillesii and N. miniatus   113.624  21.876    0.0001***
Across populations 
     N. cavanillesii       0.0011    5.400    0.982
     N. serotinus       0.0019    0.800    0.991
     N. miniatus       0.0023    0.700    0.702
     N. xalentejanus         -        -
     N. xperezlarae       0.0010    0.500    0.841
Across years
     N. cavanillesii       1.200    4.000    0.981
     N. serotinus       0.100    0.200    0.872
     N. miniatus       0.129    0.210    0.893
     N. xalentejanus       0.100    0.367    0.992
     N. xperezlarae 0.300 0.677    0.981
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Table 4.  Behaviour of artificial (CS, SC, CM and MC) and natural hybrids (N. xalentejanus and N. xperezlarae) as compared to conspecific 
progenies of Narcissus for several fitness estimates both in their natural sites, under greenhouse conditions and in transplanted sites. Narcissus 
cavanillesii, C; N. serotinus, S; N. miniatus, M; higher fitness: ↑; lower fitness: ↓ no significant differences: =.
Fitness trait Hybrid plants
Experimental hybrids CS SC CM MC
Fruit set = ↓ = ↓
Seed set = ↓ = ↓
Seed weight = = = =
Germination rate of F1 seeds = = = =
Radicle length in F1 individuals ↑ ↑ ↑ ↑
Days to appearance of first leaf in F1 individuals ↑ ↑ ↑ ↑
Survival in transplanted sites = = = =
No. of leaves in transplanted sites = = = =
Natural hybrids N. xalentejanus N. xperezlarae
Fruit set in natural populations ↓ ↓
No. of leaves in natural populations ↑ ↑
No. of bulblets in natural populations ↑ ↑
Bulb size in natural populations ↑ ↑
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Table 1. Populations studied and sampling effort in allopatric (A) and sympatric (S) populations.
 Species
A Spain. Olivenza.  C.OLV N. cavanillesii 22.10.01-29.10.01/ 28.09.02-06.10.02/ 15.10.04-21.10.04/ 
21.09.06-29.19.06
 64/ 72/ 56/ 72/ 
A Spain. Facinas.  C.FAC N. cavanillesii 13.10.02-21.10.02/ 18.09.04-27.10.04  64/ 80
A Spain. Posadas.  C.POS N. cavanillesii 23.10.03-01.11.03/ 03.10.04-11.10.04  80/ 72
A Spain. Villamartín.  C.VIL N. cavanillesii 24.10.03-01.11.03/ 18.09.04-25.09.04  72/ 64
A Portugal. Alvor.  S.ALV N. serotinus 25.10.02-01.10.02/ 09.09.04-17.09.04  64/ 72
A Portugal. Monte Fidalgo.  S.MTF N. serotinus 19.10.02-28.10.02/ 15.10.04-22.10.04/ 22.09.06-30.09.06  80/ 64/ 72
A Portugal. Vidigueira.  S.VID N. serotinus 20.10.02-28.10.02/ 28.09.03-07.09.03  72/ 80
A Spain. San José del Valle.  M.SJV N. miniatus 14.10.02-21.10.02/ 21.10.03-30.10.03/ 27.09.06-06.10.06  64/ 80/ 80/ 
A Spain. La Linea de 
la Concepcion.
 M.LLI N. miniatus 23.10.02-31.11.02/ 22.10.03-30.10.03/ 26.09.06-04.10.06  72/ 72/ 72
A Spain. Prat del Llobregat.  M.LLO N. miniatus 11.10.03-20.10.03/ 16.09.04-23.09.04  80/ 64
A Spain. Torreblanca.  M.TOR N. miniatus 05.10.02-12.10.02/ 18.09.03-24.09.03  64/ 56
A Spain. Turre.  M.TUR N. miniatus 14.11.03-23.11.03/ 17.09.04-24.09.04  80/ 64
A Spain. Xábia.  M.XAV N. miniatus 08.10.02-14.10.02/ 29.09.03-08.10.03/ 11.10.05-20.10.05/ 
29.09.06-07.10.06
 56/ 64/ 80/ 72
A Spain. Gata de Gorgos. PL.GTG N. xperezlarae 08.10.02-14.10.02/ 29.09.03-08.10.03/ 11.10.05-20.10.05/ 
29.09.06-07.10.06/ 10.10.07-19.10.07
56/ 72/ 80/ 72/ 80
A Spain. Oliva.  PL.OLI N. xperezlarae 07.10.02-12.10.02/ 29.09.03-08.10.03/ 11.10.05-19.10.05/ 
29.09.06-07.10.06/ 10.10.07-19.10.07
48/ 80/ 72/ 72/ 80
S Portugal. Ponte de Ajuda.  C.AJU N. cavanillesii 02.10.03-22.10.03/ 04.10.04-13.10.04/ 07.10.05-22.10.05/ 
15.10.06-23.10.06/ 29.09.07-06.10.07
80/ 72/ 72/ 72/ 64
S Portugal. Ponte de Ajuda. PL.AJU N. xalentejanus 02.10.03-22.10.03/ 04.10.04-13.10.04/ 07.10.05-22.10.05/ 
15.10.06-23.10.06/ 29.09.07-06.10.07
80/ 72/ 72/ 72/ 64
S Portugal. Ponte de Ajuda.  S.AJU N. serotinus 02.10.03-22.10.03/ 04.10.04-13.10.04/ 07.10.05-22.10.05/ 
15.10.06-23.10.06/ 29.09.07-06.10.07
80/ 72/ 72/ 72/ 64
S Spain. Fuentes de Andalucía.  C.FTA N. cavanillesii 11.10.03-19.10.03/ 15.10.04-22.10.04/ 13.10.05-20.10.05/ 
17-10.06-25-10.06/ 29.09.07-07.09.07
72/ 64/ 64/ 72/ 72
S Spain. Fuentes de Andalucía.  S.FTA N. serotinus 11.10.03-19.10.03/ 15.10.04-22.10.04/ 13.10.05-20.10.05/ 
17-10.06-25-10.06/ 29.09.07-07.09.07
72/ 64/ 64/ 72/ 72
S Spain. Sierra de Esparteros.  C.ESP N. cavanillesii 11.10.03-19.10.03/ 12.10.04-18.10.04/ 16-10.05-22.10.05/ 
20.10.06-28.10.06/ 04.10.07-10.10.07
72/ 56/ 56/ 72/ 48
S Spain. Sierra de Esparteros.  S.ESP N. serotinus 11.10.03-19.10.03/ 12.10.04-18.10.04/ 16-10.05-22.10.05/ 
20.10.06-28.10.06/ 04.10.07-10.10.07
72/ 56/ 56/ 72/ 48
S Spain. La Campana.  C.CAM N. cavanillesii 26.09.03-05.10.03/ 08.10.04-17.10.04/ 10.10.05-22.19.05/ 
13.10.06-22.10.06/ 23.09.07-01.10.07
80/ 80/ 80/ 80/ 72
S Spain. La Campana.  M.CAM N. miniatus 26.09.03-05.10.03/ 08.10.04-17.10.04/ 10.10.05-22.19.05/ 
13.10.06-22.10.06/ 23.09.07-01.10.07
80/ 80/ 80/ 80/ 72
S Spain. Medina Sidonia.  C.MDS N. cavanillesii 29.09.03-07.10.03/ 05.10.04-11.10.04/ 14.10.05-23.10.05/ 
17.10.06-23.10.06/ 24.09.07-03.10.07
72/ 56/ 80/ 56/ 80
S Spain. Medina Sidonia. PL.MDS N. xperezlarae 29.09.03-07.10.03/ 05.10.04-11.10.04/ 14.10.05-23.10.05/ 
17.10.06-23.10.06/ 24.09.07-03.10.07
72/ 56/ 80/ 56/ 80
S Spain. Medina Sidonia.  M.MDS N. miniatus 29.09.03-07.10.03/ 05.10.04-11.10.04/ 14.10.05-23.10.05/ 
17.10.06-23.10.06/ 24.09.07-03.10.07
72/ 56/ 80/ 56/ 80
S Spain. Puebla del Rio.  C.PDR N. cavanillesii 23.09.03-02.10.03/ 03.10.04-12.10.04/ 10.10.05-19.10.05/ 
08.10.06-17.10.06/ 23.09.07-03.10.07
80/ 80/ 80/ 72/ 80
S Spain. Puebla del Rio. PL.PDR N. xalentejanus 23.09.03-02.10.03/ 03.10.04-12.10.04/ 10.10.05-19.10.05/ 
08.10.06-17.10.06/ 23.09.07-03.10.07
80/ 80/ 80/ 72/ 80
S Spain. Puebla del Rio.  S.PDR N. serotinus 23.09.03-02.10.03/ 03.10.04-12.10.04/ 10.10.05-19.10.05/ 
08.10.06-17.10.06/ 23.09.07-03.10.07
80/ 80/ 80/ 72/ 80
S Spain. Puebla del Rio. PL.PDR N. xperezlarae 23.09.03-02.10.03/ 03.10.04-12.10.04/ 10.10.05-19.10.05/ 
08.10.06-17.10.06/ 23.09.07-03.10.07
80/ 80/ 80/ 72/ 80
S Spain. Puebla del Rio.  M.PDR N. miniatus 23.09.03-02.10.03/ 03.10.04-12.10.04/ 10.10.05-19.10.05/ 
08.10.06-17.10.06/ 23.09.07-03.10.07
80/ 80/ 80/ 72/ 80
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A Bover:cav: 76% over:cav: 81% 

















































































C over:cav: 76% D
over:ser: 88% 
over:min: 83% 
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30 visits recorded   (x 5 days)
Figure 2. Diagram of the experimental design for testing ant behaviour 
in the presence of the studied species and their hybrids.
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   N. cavanillesii 16.3 ± 5.9
 (9.7 – 21.9)
 2.1 ± 1.9
(0.7 – 4.7)
13.4 ± 4.5
  (9.1– 14.7)
   3.6 ± 1.2
  (1.9 – 5.7)
   0.9 ± 0.5
  (0.2 – 1.2)
   2.1 ± 0.9
  (0.9 – 3.5)
          _   0.3 ± 1.8
    (0 – 1.1)
   N. serotinus 19.6 ± 6.8
(12.1 – 31.4)
 3.1 ± 1.8
(0.9 – 5.6)
16.3 ± 1.4
 (7.5 – 19.9)
   8.8 ± 4.6
  (2.1 – 11.3)
   1.3 ± 0.6
  (0.5 – 2.1)
 14.8 ± 3.9
(10.5 – 19.3)
    3.1 ± 0.9
   (1.9 – 4.8)
  1.1 ± 1.9
 (0.8 – 2.1)
   N. miniatus 24.3 ± 8.4
(11.4 – 44.3)
 3.9 ± 2.4
(1.2 – 8.9)
18.9 ± 2.1
 (9.5 – 23.1)
   8.9 ± 5.0
  (4.2 – 12.6)
   2.2 ± 1.8
  (0.8 – 2.9)
 15.4 ± 3.4
(13.1 – 19.5)
    4.1 ± 1.1
   (3.1 – 6.1)
  1.6 ± 1.3
 (0.9 – 2.2)
Hybrids   
   Sympatric N. xalentejanus 16.9 ± 6.0
 (6.3 – 23.4)
 2.8 ± 2.3
(0.8 – 4.9)
13.1 ± 2.4
 (9.6 – 7.6)
   4.3 ± 1.5
  (2.4 – 6.1)
   1.3 ± 1.0
  (0.8 – 1.9)
   9.2 ± 4.8
  (4.3 – 12.7)
    6.1 ± 1.6
   (4.7 – 8.7)
  5.1 ± 5.6
 (0.5 – 8.9)
   Sympatric N. xperezlarae 17.3 ± 6.2
 (6.5 – 24.1)
 2.9 ± 2.1
(0.9 – 5.1)
13.3 ± 2.5
 (9.9 – 7.8)
   4.1 ± 1.7
  (2.9 – 6.3)
   1.5 ± 0.9
  (0.9 – 2.0)
   8.9 ± 4.1
  (4.1 – 12.3)
    5.9 ± 1.5
   (4.3 – 8.4)
  5.4 ± 6.1
 (0.5 – 9.2)
   Allopatric N. xperezlarae 17.6 ± 6.4
 (6.1 – 23.1)




   4.6 ± 1.8
  (2.2 – 5.9)
   1.6 ± 0.8
  (0.8 – 2.1)
   8.5 ± 4.5
  (3.9 – 12.8)
    6.1 ± 1.1
   (4.9 – 8.8)
  5.5 ± 7.0
 (0.4 – 9.8)
c2     21.124    26.347     23.234      24.821        5.700        4.000       12.500     14.000
P       0.0043      0.0004       0.0040        0.0236        0.0001        0.0002         0.0028       0.0003
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Species   Type of 
  population
Population (Label) Longitude Latitude Altitude
(m.a.s.l)
N. cavanillesii A (1) Spain. Olivenza -7.1633 38.7749  197
N. cavanillesii A (2) Spain. Villamartín   -5.68604 36.8484  119
N. cavanillesii A (3) Spain. Matachel   -5.96122 38.4363  427
N. serotinus A (4) Portugal. Monte Fidalgo   -7.28576 38.7131  186
N. serotinus A (5) Portugal. Vidigueira   -7.55147 38.1662  72
N. serotinus A (6) Portugal. Póvoa de S. Miguel   -7.33041 38.2705  173
N. miniatus A (7) Spain. San José del Valle   -5.70111 36.6487  79
N. miniatus A (8) Spain. Turre   -1.91345 37.1444  59
N. miniatus A (9) Spain. Xábia      0.232567 38.7383  90
N. cavanillesii S (10) Portugal. Ajuda1 -7.1633 38.7749  197
N. serotinus S (10) Portugal. Ajuda1 -7.1633 38.7749  197
N. cavanillesii S (11) Spain. Fuentes de Andalucía1   -5.37064 37.4936  172
N. serotinus S (11) Spain. Fuentes de Andalucía1   -5.37064 37.4936  172
N. cavanillesii S (12) Spain. Sierra de Esparteros   -5.48069 37.0952  190
N. serotinus S (12) Spain. Sierra de Esparteros   -5.48069 37.0952  190
N. cavanillesii S (13) Spain. La Campana -5.2986 37.3964  142
N. miniatus S (13) Spain. La Campana -5.2986 37.3964  142
N. cavanillesii S (14) Spain. Medina Sidonia1   -6.02645 36.4349  50
N. miniatus S (14) Spain. Medina Sidonia1   -6.02645 36.4349  50
Species   
   
      Type of 
      population  
   Population (Label) ltit
( . .s.l)
Latitude Longitu e
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Table 2. Fitness traits of Narcissus cavanillesii, N. serotinus and N. miniatus. Results indicate comparisons performed between sympatric and 
allopatric populations by a t-test. Significant values are indicated in bold. ** P < 0.01, ***P < 0.001.
Species Fitness traits Sympatric Allopatric df F P
N. cavanillesii Fruit set    0.60 ± 0.46     0.46 ± 0.50 15 12.890       0.0001***
Seed number    6.28 ± 2.11     4.61 ± 2.82 15 14.783       0.0001***
Seed weight (mg)    1.99 ± 0.45     1.23 ± 0.71 15 15.900    0.002**
Germination (%)       89 ± 8        90 ± 9 15   7.890 0.783
Radicle lenght (mm)    0.43 ± 0.21     0.44 ± 0.29 15   7.800 0.984
N. miniatus Fruit set    0.69 ± 0.58     0.70 ± 0.51  7   5.678 0.895
Seed number  16.39 ± 7.21   16.94 ± 5.72  7   6.700 0.897
Seed weight (mg)    2.24 ± 0.70     2.17 ± 0.72  7   6.903 0.894
Germination (%)       96 ± 8        97 ± 8  7   6.789 0.997
Radicle lenght (mm)    0.45 ± 0.33     0.46 ± 0.30  7   5.780 0.998
N. serotinus Fruit set    0.68 ± 0.58     0.65 ± 0.51  7   8.945 0.876
Seed number  11.91 ± 6.11     12.3 ± 5.70  7   8.500 0.788
Seed weight (mg)    2.13 ± 0.56     2.11 ± 0.68  7   8.950 0.923
Germination (%)       94 ± 9        95 ± 9  7   9.570 0.993
Radicle lenght (mm)    0.45 ± 0.26     0.45 ± 0.31  7   9.900 0.999
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Table 3. Population estimates of Narcissus cavanillesii, N. serotinus and N. miniatus based on MS models estimated for sympatric and allopatric 
populations.
Fitness trait Sympatric Allopatric
Fraction of population dormant Narcissus cavanillesii 0.302 0.310
Narcissus serotinus 0.301 0.311
Narcissus miniatus 0.300 0.310
State specific survival rate (Vegetative, 
Reproductive, Dormant)
Narcissus cavanillesii 0.891, 0.821, 0.850 0.882, 0.880, 0.890
Narcissus serotinus 0.871, 0.831, 0.850 0.881, 0.840, 0.851
Narcissus miniatus 0.863, 0.862, 0.891 0.831, 0.851, 0.900
State-specific transitions 
     Dor to Dor, Dor to Veg, Dor to Rep 
     Veg to Veg, Veg to Dor, Veg to Rep






















Annual survival rate estimates Narcissus cavanillesii 0.894 0.892
Narcissus serotinus 0.910 0.908
Narcissus miniatus 0.978 0.980
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Supporting Information
Table S1. Species sampled, type of population (sympatric: S; allopatric:A), locality and voucher information of DNA sequences analyzed in this 
study. NITS: number of individuals per population used for sequencing ITS; number between parentheses indicated the clones sequenced..
Label POP Species Locality, voucher information Norg NITS
C.PTA S N. cavanillesii Portugal. Ponte da Ajuda. Marques1155 & Draper * + 15 2 (20)
S.PTA S N. serotinus Portugal. Ponte de Ajuda. Marques1156 & Draper * + 15 2 (20)
C.MJT S N. cavanillesii Portugal. Montes Juntos. Marques1150 15 2 (20)
S.MJT S N. serotinus Portugal. Montes Juntos. Marques1151 15 2 (20)
C.FTA S N. cavanillesii Spain. Fuentes de Andalucía.Marques1162 & Draper + 15 2 (20)
S.FTA S N. serotinus Spain. Fuentes de Andalucía. Marques1163 & Draper + 15 2 (20)
C.UPO S N. cavanillesii Spain.Universidad Pablo de Olavide. Valcárcel & Irles44VV03bis 10 2 (20)
S.UPO S N. serotinus Spain.Universidad Pablo de Olavide. Modesto Luceño s.n. 8 2 (20)
C.ESP S N. cavanillesii Spain. Sierra de Esparteros. Marques1164 & Draper 15 2 (20)
S.ESP S N. serotinus Spain. Sierra de Esparteros. Marques1165 & Draper 15 2 (20)
C.AZN S N. cavanillesii Spain. Aználcazar. Marques1158 & Draper 15 2 (20)
M.AZN S N. miniatus Spain. Aználcazar. Marques1159 & Draper 15 2 (20)
C.CAM S N. cavanillesii Spain. La Campana. Marques1162 & Draper 15 2 (20)
M.CAM S N. miniatus Spain. La Campana. Marques1163 & Draper 15 2 (20)
C.DHE S N. cavanillesii Spain. Dos Hermanas.Marques1131 & Draper 15 2 (20)
M.DHE S N. miniatus Spain. Dos Hermanas.Marques1130 & Draper 6 1 (10)
S.DHE S N. serotinus Spain. Dos Hermanas.Marques1100 & Draper 9 1 (10)
C.MDS S N. cavanillesii Spain. Medina Sidonia. Marques1161 & Draper + 15 2 (20)
M.MDS S N. miniatus Spain. Medina Sidonia. Marques1170 & Draper + 15 2 (20)
C.PDR S N. cavanillesii Spain. Puebla del Rio. Marques1143 & Draper 15 2 (20)
S.PDR S N. serotinus Spain. Puebla del Rio. Marques1141 & Draper 5 2 (20)
M.PDR S N. miniatus Spain. Puebla del Rio. Marques1009 & Draper 10 2 (20)
M.DEN S N. miniatus Spain. Dénia. Marques1129 & Draper 15 2 (20)
C.ALG A N. cavanillesii Spain. Algodonales. Marques1125 & Draper 15 1 (10)
C.FAC A N. cavanillesii Spain. Facinas. Marques1166 & Draper 15 2 (20)
C.LBR A N. cavanillesii Spain. Los Barrios. Valcárcel & Caballero08ECG03 10 1 (10)
C.MAT A N. cavanillesii Spain. Matachel. Marques1168 & Draper 15 2 (20)
C.OLV A N. cavanillesii Spain. Olivenza. Marques1221 15  -
C.POS A N. cavanillesii Spain. Posadas. Marques1144 & Draper 15 1 (10)
C.VIL A N. cavanillesii Spain. Villamartin. Marques1147 & Draper 15 1 (10)
C.VNR A N. cavanillesii Spain. Villanueva del Rosario. Marques1177 & Draper 15 2 (20)
C.VDC A N. cavanillesii Spain. Valverde del Camino. Valcárcel44VV03 10 1 (10)
C.AGA A N. cavanillesii Morocco. Agadir. Marques2205 15 1 (10)
C.OML A N. cavanillesii Morocco. Oued el Malah, Tetouan. Marques1191 & Draper 15 1 (10)
C.TFR A N. cavanillesii Morocco. Taforalt. Marques1186 & Draper 15 2 (20)
C.ONR A N. cavanillesii Morocco. Ounara. Marques2214 & Draper 15 1 (10)
S.ALV A N. serotinus Portugal. Alvor. Marques1148 & Draper 15 2 (20)
S.GRJ A N. serotinus Portugal. Granja. Marques1018 & Rosselló-Graell 15 1 (10)
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Label POP Species Locality, voucher information Norg NITS
S.MNG A N. serotinus Portugal. Moinho do Gato. Draper1017 15 1 (10)
S.MTF A N. serotinus Portugal. Monte Fidalgo. Marques1041 & Draper 15 1 (10)
S.PSM A N. serotinus Portugal. Póvoa de São Miguel. Marques2002 & Draper 15 1 (10)
S.RMZ A N. serotinus Portugal. Reguengos de Monsaraz. Draper975 15 1 (10)
S.SMC A N. serotinus Portugal. São Marcos do Campo. Marques996 15 1 (10)
S.VID A N. serotinus Portugal. Vidigueira. Marques1013 15 2 (20)
S.DBN A N. serotinus Spain. Don Benito. P. Escobar s.n. 15 2 (20)
S.GIB A N. serotinus Spain. Gibraleon. Marques1135 & Draper 15 2 (20)
S.ORL A N. serotinus Spain. Orellana. P. Escobar s.n. 15 1 (10)
S.CAS A N. serotinus Morocco. Casablanca. Marques2067 15 1 (10)
S.ODA A N. serotinus Morocco. Ondagha. Marques2215 & Draper 15 2 (20)
S.ESA A N. serotinus Morocco. Essaouira. Marques2218 & Draper 15 1 (10)
S.SAF A N. serotinus Morocco. Cap Safi. Marques2219 & Draper 15 1 (10)
S.JFL A N. serotinus Morocco. Port Jorf-Lasfar. Marques2220 & Draper 15 1 (10)
S.EJD A N. serotinus Morocco. El Jadida. Marques2221 & Draper 15 2 (20)
S.CBZ A N. serotinus Morocco. Cap Bezouka. Marques3000 & Draper 15 2 (20)
S.MLT A N. serotinus Malta. Iriq it-Batterija. Marques2207 15 1 (10)
S.CRT A N. serotinus Greece. Crete. J. Feise s.n. 15 2 (20)
S.GR1 A N. serotinus Greece. Ionian Islands, Katastari. G. Kamari s.n. 8 1 (10)
M.AZH A N. miniatus Spain. Al-Zahara. Marques1126 & Draper 15 1 (10)
M.LLI A N. miniatus Spain. La Linea de la Concepción. Marques1138 & Draper 15 2 (20)
M.LBL A N. miniatus Spain. Los Belones. Marques1167 & Draper 15 2 (20)
M.LLO A N. miniatus Spain. Llobregat. Marques1139 & Draper 15 2 (20)
M.SIM A N. miniatus Spain. Simat. Marques1145 & Draper 15 1 (10)
M.SJV A N. miniatus Spain. San Jose del Valle. Marques1175 & Draper 15 2 (20)
M.TOR A N. miniatus Spain. Torreblanca. Marques1176, Pérez Rovira & Draper 15 2 (20)
M.TUR A N. miniatus Spain. Turre. Marques1146 & Draper 15 1 (10)
M.FOR A N. miniatus Spain. Minorca. Fornells. Marques1132 & Draper + 15 2 (20)
M.XOR A N. miniatus Spain. Majorca. Cost Xorrigo. M. Vincens s.n. 15 2 (20)
M.GRN A N. miniatus Spain. Granadella. Marques956 & Draper 15  -
M.XAV A N. miniatus Spain. Xábia. Marques1178 & Draper * + 15 1 (10)
M.SIC A N. miniatus Italy. Sicily. G. Bacchetta s.n. 10 2 (20)
M.SAR A N. miniatus Italy. Sardegna. G. Bacchetta s.n. 10 2 (20)




CHAPTER 7  •   Phylogeny and hybridization in Narcissus                                                      
123  
7
124                                                         CHAPTER 7               
7
Phylogeny and hybridization in Narcissus                             125           
7
126                                                         CHAPTER 7               
7
Phylogeny and hybridization in Narcissus                             127           
7
128                                                         CHAPTER 7               
7
Phylogeny and hybridization in Narcissus                             129           
7




(cob-atpA) Total ITS1 5.8S ITS2 Total




3285 255 163 247 882




3285 230-251 159-163 232-242 841-870













83 49 93 40 156
Total number of indels 0 0 0 840 4 1176 2020
No single nucleotide 
indel
0 0 0 323 0 349 672
Mean length (bp) 0 0 0 1.63 4 1.72 2.45
Maximum length of 
indel (bp)
0 0 0 12 4 8 24











0.00713 0.10576 0.02114 0.09638 0.06559
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N. bulbocodium subsp. obesus1
N. bulbocodium subsp. obesus2
N. bulbocodium subsp. obesus3
N. bulbocodium subsp. obesus4
N. bulbocodium subsp. obesus5
N. bulbocodium subsp. obesus xcalcicolaN. bulbocodium subsp. obesus6
N. bulbocodium subsp. obesus7
N. bulbocodium subsp. obesus8
N. bulbocodium subsp. obesus9
N. bulbocodium subsp. obesus10
N. bulbocodium subsp. obesus11





N. bulbocodium subsp. graellsiiN. bulbocodium17
N. bulbocodium18
N. bulbocodium subsp. quintanillae1
N. bulbocodium subsp. obesus12
N. tingitanus



















































































































N. assoanus subsp. rivas-martinezii














































93 N. triandrus subsp. pallidulus1
N. triandrus subsp. pallidulus2
N. triandrus subsp. pallidulus4
N. triandrus1
N. triandrus subsp. pallidulus3
N. triandrus subsp. pallidulus5








N. triandrus subsp. lusitanus1
N. triandrus subsp. lusitanus2
N. triandrus subsp. lusitanus3
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Data set Model Statistics B1 MΣ MΣ* MΠ MΠ* IC
Cytoplasm s-ERM 0.025 frequentile tail Pr 0 0 0 0 0 0.00004
0.0975 frequentile tail Pr 0 0 0.0003 0.0004 0.00016 0.00019
i-ERM 0.025 frequentile tail Pr 0 0 0 0 0 0.00012
0.0975 frequentile tail Pr 0 0 0.0004 0.0006 0.0009 0.00021
PDA 0.025 frequentile tail Pr 0 0 0 0.0003 0.00003 0.00013
0.0975 frequentile tail Pr 0 0 0.0003 0.0009 0.00011 0.00024
ITS s-ERM 0.025 frequentile tail Pr 0 0 0.00004 0 0 0.00002
0.0975 frequentile tail Pr 0.01886 0.00729 0.00476 0.0006 0.00016 0.00039
i-ERM 0.025 frequentile tail Pr 0 0 0.00004 0 0
0.0975 frequentile tail Pr 0.01723 0.00521 0.00456 0.0007 0.00023 0.00041
PDA 0.025 frequentile tail Pr 0 0 0.00006 0 0
0.0975 frequentile tail Pr 0.01022 0.00823 0.00612 0.0012 0.00045 0.00063
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N. tortuosus 
N.pseudonarcissus subsp. eugeniae 
N. primigenieus 

























































N. triandrus subsp. pallidulus1 




N. triandrus subsp. lusitanus1 
N. triandrus xN. bulbocodium 
N. triandrus subsp. lusitanus3 
N. triandrus subsp. lusitanus2 




N. fernandesii var. major 
N. fernandesii xN. payraceus 
N. baeticus 
N. assoanus subsp. rivas-martinezii 























N. bulbocodium subsp. obesus2 
N. bulbocodium subsp. obesus3 
N. xbarrae
N. xherminii
N. bulbocodium subsp. quintanillae1 
N. bulbocodium 
N. bulbocodium subsp. graellsii 








N. bulbocodium subsp. obesus1 
N. xrozeirae 
N. bulbocodium subsp. nivalis 
N. cuatrecasasii var. segimonensis  
N. cuatrecasasii2 
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Primer combination No. Cycles, annealing, elongation times and temperature
ndhF 37 cycles, 51 ºC for 1 min, 72 ºC for 7 min
matK 34 cycles, 50 ºC for 1 min, 72 ºC for 2 min
cob 30 cycles, 50 ºC for 30 sec, 72 ºC at 10 min
atpA 35 cycles, 57 ºC for 30 sec, 72 ºC at 7 min
ITS 38 cycles, 52 ºC for 30 sec, 72 ºC at 10 min
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Recombinant sequences MaxChi Chimaera Siscan
N. bulbocodium subsp. graellsii 1.33 x 10-5 1.34 x 10-5 3.08 x 10-7
N. bulbocodium subsp.  quintanillae1 1.86 x 10-4 1.85 x 10-4 1.02 x 10-6
N. bulbocodium subsp. quintanillae2 1.92 x 10-4 1.93 x 10-4 1.02 x 10-6
N. citrinus 4.60 x 10-6 3.85 x 10-7 4.45 x 10-8
N. jacquemoudii 1.34 x 10-6 1.33 x 10-5 3.08 x 10-7
N. jeanmonodii 2.45 x 10-6 2.46 x 10-6 2.58 x 10-8
N. nivalis 2.40 x 10-6 2.41 x 10-6 5.37 x 10-7
N. tingitanus 2.35 x 10-5 2.35 x 10-5 8.12 x 10-8
N. xbarrae 4.78 x 10-5 4.44 x 10-7 4.50 x 10-8
N. xbrevitubulosus 2.67 x 10-6 2.41 x 10-6 5.36 x 10-7
N. xherminii 2.41 x 10-6 2.51 x 10-6 5.37 x 10-7
N. xtuckerii 3.46 x 10-8 3.22 x 10-7 3.34 x 10-8
N. xrozeirae2 9.05 x 10-7 9.06 x 10-7 5.26 x 10-8
Main ConClusions
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Natural hybridization in Narcissus
Consistent evidence from various sources including sequences from four organellar and one nuclear 	
regions, chromosome counts, genome size estimations and experimental crossings reveal that N. 
×perezlarae, traditionally considered to be a hybrid between N. cavanillesii × N. serotinus actually involves 
two hybrids occurring in different but partially overlapped areas of the Iberian Peninsula: N. ×alentejanus 
(N. cavanillesii × N. serotinus) and N. ×perezlarae (N. cavanillesii × N. miniatus).
The same type of evidence support that the differing progenitors of the two hybrids are in fact closely 	
related since N. miniatus, progenitor of N. ×perezlarae, is an allopolyploid species originated from N. 
elegans and N. serotinus, the progenitor of N. ×alentejanus.
Maternally inherited molecular markers and a differential success in obtaining progeny from reciprocal 	
crossings indicate that in most of the studied hybrids within this complex the ovule donor was N. 
cavanillesii. This conclusion holds both for N. ×alentejanus as well as for N. ×perezlarae, including the 
orphan populations of N. perezlarae where progenitors are not sympatric or completely absent. 
Based on the hints of a former presence of 	 N. cavanillesii in areas of eastern Spain, the most likely 
explanation for the existence of those orphan hybrid populatios of N. ×perezlarae is extirpation of N. 
cavanillesii in those areas through demographic processes associated to the hybridization events. 
Genome size
The mean 2C-value assessed with PI varied according with the number of chromosomes while AT portion of 	
DNA content assessed with DAPI showed lower values in N. cavanillesii than in the remaining species. 
Natural hybrids presented genome size values intermediate to the ones found for the parental species. 	
Nevertheless, values obtained in N. ×alentejanus were lower than predicted while in N. ×perezlarae, 
values of genome size were higher than predicted assuming that genome size should be a weighted mean 
between the relative contributions from parental species. 
Reproductive barriers
Of the external barriers examined through field experiments, performed during five years in eight 	
populations, only flowering asynchrony and especially pollinator fidelity did represent strong isolating 
barriers between the hybridizing species (N. cavanillesii and N. serotinus on one side and N. cavanillesii 
and N. miniatus on the other). 
Pollinator fidelity not only reduced gene flow more effectively than flowering asynchrony, but also caused 	
complete reproductive isolation on its own. The opposite situation, where pollinator fidelity to a single 
species was broken seems to happen predominantly in disturbed habitats.
Based on the successful formation of F	
1
 hybrid progeny, the establishment of this progeny in a wide 
variety of ecological conditions and the lack of reduction in the early performance of hybrid progeny, we 
conclude that early acting post-zygotic barriers between the hybridizing species are absent or very weak. 
In contrast, late post-zygotic barriers that reduce the fertility rate of hybrid plants are present between the 
hybridizing species as indicated by low fruit set.
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Hybrid fitness
It is hypothesized that the higher number of leaves in the two natural hybrids, 	 N. ×alentejanus and N. 
×perezlarae and the production of larger and more numerous bulblets as compared to their progenitor 
species, compensates the reduced fertility levels found in the two hybrids to a degree that allows their 
successful establishment at least at initial stages.
Pollinator shift in hybrids
A shift in pollinators was observed in hybrid plants as compared to their progenitors confirming the 	
important role of pollinators in the evolutionary outcomes of hybridization. Hybrids were observed to 
be pollinated by a very different insect group (ants), which represent the only well-documented case of 
ethological isolation in hybrids.
An increase in nectar production in hybrids as compared to progenitors can be the clue to explain the 	
pollinator shift detected in this study.
Implications for conservation
Our results based on reproductive biology, molecular studies and demographical monitoring suggest 	
that natural hybridization does not represent a threat to the survival of hybridizing populations except 
in the orphan hybrid populations where it is hypothesized that N. cavanillesii was extirpated. Elsewhere, 
quite paradoxically, N. cavanillesii seems to benefit from occurring in sympatric populations probably 
due to an increase in pollinators advertisement and pollination success.
Phylogenetic relationships within Narcissus
The phylogenetic trees produced on the basis of four organellar regions and nuclear ribosomal DNA show 	
that Narcissus is a monophyletic genus within Amaryllidaceae, with two main lineages corresponding to 
subgenera Hermione and Narcissus.
The topological incongruence between organellar and nuclear phylogenies can be categorized into deep, 	
medium and shallow and affects three organism levels (individuals, species and lineages), evidencing 
that reticulate evolution has significantly influenced the taxic diversity of the genus from its origin.
An acceleration in the corrected rate of evolution is detected for the subgenus 	 Hermione lineage in 
the nuclear ribosomal region. A intensive history of hybridization in the members of this subgenus 
associated to active chromosomal rearrangements, recombination and low rates of concerted evolution 
may account for this observation.
Based on the molecular evidence gathered here, it can be concluded that roughly one third of the species 	
have suffered a reticulation event in their evolutionary history either with or without changes in ploidy 
levels. Among them there are several examples like the allopolyploid N. miniatus or the “intermediate” 
hybrid N. ×perezlarae.

